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Time-dependent neutron energy spectra in the range 0.6 to 6.4 MeV 
have been measured in a depleted uranium assembly. In order to gain a 
maximum amount of information about the interactions of neutrons with 
uranium, the detector was placed inside the stack. This necessitated 
development of a small yet sensitive neutron spectrometer.
The liquid scintillator NE213 was chosen. An optical system was 
developed which collected about 80% of the light from the scintillator 
and transmitted it along a 450 mm quartz light guide to a high perform­
ance photomultiplier.
In order to use the detector as a nanosecond timing spectrometer, 
several calibration measurements were required. These included 
measurement of the detector efficiency and response to monoenergetic 
neutrons. It was also necessary to measure and correct for timing 
walk of the discriminator. When the neutron flux was changing by 
about a factor of two per nanosecond, timing walk of about 0.1 ns 
could introduce large errors into time dependent pulse height spectra. 
An active timing walk correction system was developed to overcome this 
problem. The other important source of error was pulse pile-up. This 
led to errors of several per cent in neutron pulse height spectra, 
even when the probability of a count per beam pulse was as low as 0.02. 
A significant contribution to pile-up in neutron pulse height spectra 
came from gamma ray pulses whose rise times were increased by pile-up. 
The pulse shape analyser interpreted such pulses as neutrons.
To analyse the experimental data, a suite of three computer codes 
was written. The first prepared the data for submission to the second 
which did the unfolding of the pulse height spectra. Comparison and 
presentation of analysed data was performed by the third code.
The spectrum unfolding process was tested by unfolding the fairly
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complex neutron energy spectrum from the thick target 9Be(d,n)10B 
neutron source, which was known from other measurements. The perform­
ance of the code when unfolding monoenergetic neutron responses was 
comparable to the performance of codes used by others.
Spanning the time range 0.9 to 82 ns after the beam pulse, the 
time-dependent energy spectrum measurements followed the neutron flux 
from spectra of predominantly 4 to 6 MeV, to spectra composed almost 
entirely of fission neutrons. The measured spectra were compared to 
a Monte Carlo calculation of the experiment using nuclear data from 
the ENDF/B-IV data file. The spectra disagreed except at times and 
energies where the theory predicted that the high energy spectrum 
should be close to a fission spectrum. The disagreement was inter­
preted to mean that there are significant discrepancies to the 
inelastic cross sections in the 1 to 6 MeV range. The agreement with 
the fission spectrum confirmed the accuracy of the neutron spectro­
metry.
As well as generating energy spectra, the present measurement 
produced a time response which could be compared to the Monte Carlo 
calculation. From this comparison and from examination of time spectra 
measured by others using 235U and 237Np fission detectors, it became 
apparent that there were discrepancies in the ENDF/B-IV cross sections
below 1 MeV.
UNIT OF COUNT RATE
When the S.I. system of units came into being it was agreed that 
there were real advantages in being able to use prefixes to the basic
qunit name to indicate the multiple of 10 to be applied to the value 
of the unit. Unfortunately, the S.I. system does not have a unit for 
random count rate. The units cps, cs“ 1 or just s~1 are unsatisfactory 
because it is not possible to use the prefixes unambiguously in speech. 
For example, the spoken 'kilo second to the minus one' could mean 
M s “ 1) or (ks“ 1) - two substantially different units.
It has therefore been decided to use the unit Hz for count rates. 
This use does not strictly obey the letter of the S.I. law, but is felt 
to be in accordance with its spirit.
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1. INTRODUCTION
Fast reactor systems have reached the stage where economic rather 
than technical factors are determining their feasibility. The ability 
to calculate the neutronics of these systems accurately is therefore 
of considerable importance. In core and shielding design or fuel 
inventory planning, uncertainties in calculations necessitate costly 
safety margins. For example, Greebler et al. (1970) estimated that 
for one 1000 MW(e) plant the error in the calculation of the doubling 
time was 30%. This would have made an uncertainty in annual runninq 
costs of nearlv $106 .
The reliable calculation of reactor svstem performance depends on 
accurate cross sections. That more accurate data is needed has been 
stressed bv Alter (1972), who assessed the ENDF/B-II data file, and 
bv Lambropoulos (1971). who reviewed the data then available. For 
example, errors in the 238U inelastic cross section were in the range 
10 to 50%. Direct measurement of this cross section is particularly 
difficult for neutron energies above 0.5 MeV because of interference 
from fission neutrons. Nevertheless, accurate values for inelastic 
cross sections in the low MeV energy range are important because they 
strongly influence fast reactor neutron energy spectra. In this 
energy region an accuracy in the inelastic cross section of about 10% 
is required to ensure that uncertainties in the cross sections do not 
contribute significantly to the fissile loading and breeding ratio of 
the reactor. It is therefore of considerable importance to reduce 
the uncertainty in the inelastic cross section of 238U.
One way to assess microscopic data and the systematic errors 
inherent in the techniques used for obtaining this data is to conduct 
clean integral experiments for which calculational techniques are 
adequate. An IAEA Panel Meeting in 1975 considered that such experi­
ments were essential for clarifying eriots in microscopic data and
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for emphasising where accuracy was most needed.
The integral experiments used for testing data or calculational 
methods fall into two groups. One group makes use of a critical 
assembly (Gardini et al. 1974, Sweet 1977) to measure reactor para­
meters. By eliminating much of the structural complexity of a power 
reactor these measurements (among others) permit an assessment of 
inelastic and fission cross sections of fissile materials. However, 
the neutronics of these experiments are very complex and it is 
difficult to separate unambiguously the effects due to errors in 
individual cross sections.
The second group of experiments makes use of a homogeneous 
assembly of the material under study. The main types of measurement 
on these assemblies determine time averaged neutron energy spectra, 
time-dependent reaction rate of a detector or time-dependent neutron 
energy spectra. These are now discussed in turn.
Time averaged neutron energy spectra may be measured in several 
ways. Some workers have measured spectra directly using threshold 
foils (Kabir et al. 1972), or a spectrometer such as 3He or proton 
recoil (Bluhm et al. 1974). Others (Ragan et al. 1976, Malaviya et al. 
1972) pulse the test assembly using an intense source and separate out 
the energies by time of flight. The latter experiments have the 
advantage of the inherent accuracy of time of flight techniques, but 
suffer the disadvantage of needing quite massive equipment. For 
example, in the typical experiment by Malaviya et al. (1972) the 
neutron source was a 60 MeV linac and an evacuated neutron flight tube 
of 28 to 100 metres was needed to obtain adequate energy resolution.
The second type of experiment is typified by that of Gozani (1968), 
who measured the time-dependent reaction rate of a fission detector in 
a pulsed assembly. This type of experiment has the merit of requiring
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relatively simple apparatus. One important benefit of measuring the 
time response is that minor changes in the source energy distribution 
have virtually no effect after a few nanoseconds. This experiment is, 
therefore, much less sensitive to uncertainties in the source energy 
spectrum than is the stationary spectrum measurement. However, the 
absence of energy spectrum data from the assembly makes it difficult 
to assess cross section changes required to improve the agreement 
between experiment and theory.
The last type of homogeneous integral experiment to be discussed 
is the measurement of neutron energy spectra as a function of time 
after a burst of neutrons into the assembly. Such a measurement would 
appear to be particularly sensitive to the inelastic cross sections in 
the 1 to 10 MeV range because here inelastic scattering is the domin­
ant mechanism for neutron energy loss. This type of experiment had to 
await the development of a neutron spectrometer which was insensitive 
to gamma rays, which had timing resolution of the order of one nano­
second, and which was capable of measuring neutron energy spectra over 
a wide energy range. These properties have been realised in the 
organic scintillator neutron spectrometer.
The penalty for gaining simultaneous time and energy information 
is a considerable increase in complexity of the data collection system 
and analytic procedures. For example, the raw data consists of time- 
dependent pulse height spectra. Some care is needed to avoid system­
atic errors in the pulse height spectra due to the rapid change of 
the count rate with time. Another difficulty is the presence of gamma 
rays, to which the spectrometer is sensitive. Even after using pulse 
shape discrimination, it is not easy to be sure that systematic errors 
from gamma rays are eliminated.
Perhaps due to these difficulties and others, the technique of
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time-dependent neutron spectroscopy has not been widely used for 
evaluation of data for fast reactor materials in simple assemblies. 
Deconnick et al. (1972) made some measurements in carbon, aluminium, 
iron and lead cubes with rather poor timing resolution and without 
the benefit of the more advanced spectrum unfolding codes. Pieroni 
(1974) made the first such measurement in a natural uranium assembly. 
This was an excellent pioneering e^qperiment, in which the whole 
process of time-dependent spectrum measurements and cross section 
adjustment was shown to be feasible.
Pieroni's results demonstrated one of the more serious problems 
with integral experiments. The cross section set which gives best 
agreement with a given experiment may not be unique. Thus, both 
Pieroni's corrected data set and the KFKINR set (Kiefhaber 1972) give 
better agreement with fast critical assembly experiments than the 
KEDAK set from which they started, but each set is different (Pieroni 
1974) . If the adjustment procedure were to lead to a genuine improve­
ment in both cases, one would accept that the KFKINR set would be 
quite different from the original KEDAK set, as would Pieroni's 
adjusted set. But the KFKINR set should be substantially closer to 
Pieroni's set than to the KEDAK set. This was not the case. To 
illustrate this the three group averaged data sets presented by 
Pieroni were intercompared. The percentage differences between the 
groups were squared and averaged. The square root of this average is 
the RMS % deviation of each set from each other. The RMS % deviation 
of the KFKINR and Pieroni's set from the KEDAK set was 7.5 and 10.1%, 
respectively. In the comparison of the KFKINR set with Pieroni's set, 
the value was 10.7%. This is not consistent with both adjusted sets 
being closer to the "truth" than KEDAK. Clearly the experiments need 
to be repeated with closer attention to possible systematic errors in
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order to arbitrate between these conflicting results.
This thesis describes a clean integral experiment in a 238U 
assembly, which will provide the basis for 238U inelastic cross 
section evaluation. The experiment is similar in gross features to 
that of Pieroni in that neutron energy spectra are measured as a 
function of time using an organic scintillator spectrometer. However, 
there are substantial differences in source conditions and detector 
design and calibration which serve to make the present experiment a 
more rigorous test of inelastic cross section data. Also, considera­
tion was given in the experimental design to future experiments in 
thorium, in view of its potential use in uranium-thorium fast reactors 
and the poor accuracy of the cross section data available for thorium.
The present work, in its conceptual phase when Pieroni's experi­
ment was reported, delved much more deeply into systematic errors of 
the technique. Where possible, these errors were avoided. Four 
examples of this follow. Firstly, the neutron source was chosen with 
an energy range within the dynamic range of the detector. This 
avoided having to subtract counts due to an estimated high energy 
component. Secondly, the monoenergetic responses were measured and 
tested to guarantee that the measured pulse height spectrum from a 
known energy spectrum could be generated by folding the monoenergetic 
responses with the energy spectrum. The third systematic error 
examined in detail was timing walk, which is the pulse height depend­
ent shift in the time at which a discriminator triggers.
Measurements indicated that spectra changing rapidly with time can be 
severely distorted by a timing walk much smaller than the overall 
experimental timing resolution. Finally, the effect of pulse pile-up 
was found to be a significant source of error, even when the probab­
ility of a count per beam pulse was as low as 0o02.
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The design of the present experiment was somewhat different from 
Pieroni's, with the source comprising 0 to 6 MeV rather than 14 MeV 
neutrons, and the detector inside the stack rather than at the surface 
Thus the measured energy spectra are not directly comparable. However 
when a modified cross section set has been derived from the present 
energy spectra, it will be comparable with Pieroni's adjusted cross 
section set.
There were three strong indications that the detector should be 
placed inside the stack. One was that timing and high energy informa­
tion would be lost as the detector position moved from the centre to 
the external face. Since the scattering mean free path of neutrons 
is ^5 cm, the proportion of neutrons which had undergone only one or 
two scatters would be very small at the stack surface. These neutrons 
would constitute the bulk of neutrons with energies of a few MeV.
Thus the sensitivity of the experiment to cross section data in the 
2 to 6 MeV range would probably be much greater inside the stack. 
Secondly, calculation of the system response would be easier. Within 
a few centimetres of the target, the flux would be nearly cylindric­
ally symmetric. A detector could therefore be modelled by a cylinder 
about the axis of symmetryo This would make a Monte Carlo calculation 
more efficient and also leave open the possibility of using a 
diffusion code for sensitivity studies. Thirdly, the background of 
spontaneous gamma rays from the natural radioactivity of the stack 
could be reduced for a given neutron count rate. While the spontane­
ous gamma ray count was only slightly influenced by the detector 
position, the neutron count rate would be about a factor of 10 higher 
at 6 cm from the target than at the surface (Moo et al. 1973). This 
would be particularly important for any measurement in thorium.
At this stage, the problem to which the following chapters are
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devoted has been defined. Since most of the chapters are prefaced by 
detailed introduction, only an outline of each is given here.
Chapter 2 is a brief description of the uranium assembly and the 
neutron source. Although most of the hardware for the experiment 
existed at the commencement of the project, the performance was not 
well known. The rather extensive measurements required to determine 
the neutron source conditions were not directly related to the 
spectrum measurements in the uranium assembly. Accordingly, this 
information has been presented in separate reports (see Chapter 2).
Development of the neutron detection system (Chapter 3) proceeded 
from design of the detector to a detailed measurement of its perform­
ance. The last two sections of the chapter evaluate the errors to 
which dual parameter experiments with fast timing and high count rates 
are subject.
The data analysis procedure has been divided between two chapters, 
4 and 5. The former is of mainly pedagogical interest, while the 
latter contains reasons for the approach used and the performance of 
the present unfolding code in various trial problems. Comparisons are 
also made with some other codes.
In conducting the neutron spectrum measurements it was necessary 
to ensure that the basic calibrations of the time and energy scales 
were within known bounds throughout the experiment. Chapter 6 begins 
with a description of the calibration and monitoring systems and 
finishes with details of the actual spectrum measurement. The effect 
of some instrumental instabilities is assessed.
Chapter 7 presents the results of the spectrum measurement and 
a Monte Carlo calculation using the ENDF/B-IV data file0 Some prelim­
inary comparisons are made between the experiment and the calculation. 
The relationship between time spectra from the present experiment and 
from somo fission detector based experiments is discussed.
DECK OF ELEVATED TARGET FACILITY
FIGURE 2 " 1 .  SCHEMATIC DIAGRAM OF THE URANIUM ASSEMBLY AND SOME ASSOCIAlED FACILITIES
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2. THE EXPERIMENTAL FACILITY
Most of the details of the experimental hardware have been 
published previously (see section 2.1 below). Thus discussion of the 
neutron source and the uranium assembly is limited to the details 
essential for an understanding of the time-dependent energy spectrum 
measurements (TDESM).
The detector had a sensitive volume of 0.58 cm3 and was located 
in the detector hole (Figure 2-1), 25 mm from the vertical plane 
through the beam axis. Further details of the detector and its develop­
ment are given in Chapter 3.
2.1 The Neutron Source
The neutron source for the TDESM was a suitable target bombarded 
by a pulsed charged particle beam from a 3 MeV Van de Graaff accelera­
tor. The beam pulse widths ranged from 2.4 to 6 ns FWHM. In order to 
reduce background counts, the target was mounted at an elevated 
station well away from extraneous scattering materials. Details of 
the accelerator performance and the elevated target station used 
(Figure 2-2) are described elsewhere (Whittlestone 1977a). In partic­
ular, this report describes reduction of the residual beam from the 
accelerator, by using a high voltage pulser at the base of the 
accelerator. The residual beam was reduced from about 1% to less than
0.01% of the peak current, 30 ns after the beam pulse peak. Also 
discussed in the report is the effectiveness of the elevated station 
in reducing the number of neutrons and gamma rays scattered back to 
the region of the target from surrounding material. The numbers of 
scattered neutrons and gamma rays were reduced by factors of 4 and 6 
respectively, by using the elevated target station rather than a target 
mounted one metre above the concrete floor. From the point of view of 
























COMPOSITION OF DEPLETED URANIUM BLOCKS
F I G U R E :  2 - 2  T H E  E L E V A T E D  TARG ET F A C I L I T Y
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scattered radiation was most important because it permitted operation 
of the experiment with a very well-defined neutron source time 
distribution and obviated the need to consider room return radiation 
in modelling the experiment. This not only simplified calculation of 
time-dependent energy spectra, but increased the confidence with which 
calculated and experimental spectra could be intercompared.
The choice of target material was quickly reduced to beryllium, 
which h’as the property of reacting with deuterons of below 3 MeV in 
energy to produce copious quantities of neutrons with a range of 
energies up to about 7 MeV. The only major problem at the time of 
commencement of the project was the absence of reliable angular 
distributions of the neutron output, which were required for providing 
a comparison between experiment and calculations based on microscopic 
cross section data. For this reason, the neutron distributions from 
the ^Be( d , n ) ^ B  reaction using a thick target, were measured at a 
number of incident deuteron energies (Whittlestone 1976, 1977b). A 
deuteron energy of 2.3 MeV was chosen for the TDESM because the 
yield per microamp was adequate, the neutron energy spectrum was suit­
able (ranging up to about 6 Mev) and there was a reasonable probability 
of the accelerator achieving this deuteron energy on any given day.
2.2 The Uranium Assembly
The uranium assembly was a 406 cm cube composed of 512 precisely 
machined blocks, some of which were modified to form holes for the 
beryllium target and the detector0 The table on which the assembly 
stood consisted of three adjustable legs supporting a mild steel top 
with milled slots to reduce neutron scattering. Figure 2-1 shows the 
main features of the uranium assembly, the target and the table. The 
chemical composition of the blocks is given in Table 2-1.
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2.3 The Beam Pulse Monitor
It was necessary to monitor the average charged particle beam 
pulse time response during the experiments. To do this, a scintilla­
tion detector, referred to as the monitor, was mounted on the beam 
axis (Figure 2-1) one metre from the target where it had a view of 
the target, unobstructed by uranium or any other significant gamma 
ray scattering or absorbing material. Since there is a fixed relation­
ship between the gamma ray flux and the charged particle beam imping­
ing on the target, the time response of the gamma ray flux was just 
the time response of the beam. The flight path from the target to the 
monitor was long enough to ensure that the gamma ray burst arrived at 
the monitor well before the neutrons to which the monitor was sensitive.
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3. THE NEUTRON DETECTION SYSTEM
3.1 Introduction
The function of the neutron detection system was to provide data 
from which to calculate the neutron energy spectrum inside the uranium 
assembly at a range of times up to about 100 ns after the burst of 
neutrons from the target. As well as having to measure energy as a 
function of time, the detector was required to be insensitive to the 
intense gamma ray flux in the assembly.
This chapter describes the specification and development of a 
suitable detector and a careful evaluation of its performance under 
the conditions of count rate and gamma flux which would be met in the 
time-dependent neutron energy spectrum measurements.
The decision to place the detector within the stack placed severe 
restrictions on the detector's physical dimensions and constituent 
materials. It was necessary to avoid perturbation of the neutron flux 
while obtaining satisfactory detector energy resolution and count rate. 
Section 3.2 covers the selection of liquid NE213* as scintillator as 
the best type of detector. The limitations on materials which could 
be used and the dimensions are also discussedo
By this stage the main components of the detector were defined.
The problem addressed by section 3.3 is that of optimising the detector 
resolution within the constraints imposed by having the sensitive 
portion of the detector inside a relatively small hole, while the 
photomultiplier was outside the assembly. Problems of detector fill­
ing and optical design were worked out using glass and Perspex scintil­
lation chambers, prior to constructing the final version of the 
detector using quartz„
Section 3.4 is devoted to the selection of a suitable pulse height 
-Nuclear Enterprises Ltd., Edinburgh, Scotland
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scale. It is preferable to work with a pulse height unit defined 
directly in terms of the physical quantity of interest. For example, 
in gamma ray spectroscopy with Ge(Li) detectors it is convenient to 
calibrate the pulse height scale in keV or MeV because of the linear 
relationship between pulse height and gamma ray energy0 The non­
linear relationship between knock-on proton energy and light output 
from a scintillator precludes such a convenient scale for scintilla­
tion neutron spectrometers. The pulse height scale used in the 
present work is based on the scintillator response to electrons. Its 
range of validity is discussed.
The remainder of this chapter (sections 3.5 to 3.8) is concerned 
with the extensive calibrations required before the detector could be 
used as a neutron spectrometer. Pulse shape discrimination (PSD) 
against gamma rays was used during the measurement of efficiency and 
monoenergetic neutron responses, resulting in a calibration of the 
combined detector plus pulse shape analyser combination., The use of 
PSD somewhat restricted the generality of the calibrations and was not 
only unnecessary in some time of flight calibrations measurements, but 
was actually a hindrance because it eliminated the gamma flash from 
the time of flight spectrum. However, these disadvantages were 
considered minor compared with the saving in effort and increased 
confidence in results, gained by not having to apply any corrections 
to the experimental data for effects due to the pulse shape analyser.
The measurement of the detector efficiency (3.5) was fairly 
straightforward, being based on comparison of the time of flight 
spectra measured by the detector and a standard detector using the 
same pulsed neutron source.
Establishing a set of monoenergetic neutron responses (3.6) 
proved to be considerably more complex. The several means reported
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by others for determining these responses ranged from purely theoret­
ical to purely experimental. In the present case it was found that 
input data for calculation of responses was inadequate and could not 
be measured using the equipment available without actually measuring 
the monoenergetic neutron responses. But the experimental techniques 
used proved to have either inadequate statistical accuracy or poor 
energy resolution. The final method adopted involved the use of an 
analytic representation of the monoenergetic neutron responses as a 
basis for pooling knowledge about the responses from several experi­
ments. Data from each experiment were used to adjust the appropriate 
parameters of the function. This procedure resulted in a response 
set sufficiently accurate for the time-dependent neutron energy 
spectrum measurements.
The measurement of time-dependent pulse height spectra is subject 
to a special type of error when the device recording the time of the 
events systematically records events of one pulse height at a different 
time from events of another pulse height. Section 3.7 explains this 
type of error and describes an active system based on an on-line 
computer for eliminating the component of this error caused by 'walk'. 
The latter, discussed in more detail in section 3.7, is the pulse 
height dependent time shift of the mean triggering time of a discrimina­
tor.
3.2 Design Criteria and Selection of Detector Materials
The type of neutron detector which could be used was restricted 
by the necessity for nanosecond timing resolution to a fast scintilla­
tor or a solid state spectrometer with a foil or gas to transfer the 
neutron energy to a charged particle. Of these detectors, only an 
organic solid or liquid scintillator could give the 1 to 10 kHz count 
rate required to keep experimental runs to less than one week. The
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requirement for neutron-gamma ray pulse shape discrimination, together 
with freedom to experiment with different shapes and sizes of detector, 
led to the choice of NE213 liquid scintillator.
The size of the scintillator required to give a count rate of a 
few kHz was calculated to be about 1 cm^ using data from the experi­
ment of Moo et al. (1973) in a thorium stack with dimensions similar 
to those of the present uranium stack. This quantity of hydrogenous 
material was insufficient to cause a significant perturbation of the 
neutron energy spectrum in the uranium stack.
Having selected the scintillator, the next step was to choose a 
method of coupling the scintillator to a photomultiplier. Direct 
coupling was desirable because it would give optimum optical response. 
However, a light guide proved to be necessary for two reasons.
Firstly, the gamma ray flux in the stack was sufficient to generate 
large numbers of photoelectrons from the photocathode directly, 
creating an unacceptable background count rate. Secondly, it was 
decided that the probe hole should be no larger than the 26.4 mm 
square hole for the deuteron beam line. Keeping the flux perturba­
tion introduced by the hole small, left open the possibility of 
calculating the flux using diffusion codes rather than the more 
versatile but time consuming Monte Carlo technique. The small size 
of the hole prevented any commercially available photomultipliers 
with the performance demanded by the experiment from being inserted 
into the stack.
The material for the light guide was required to have excellent 
light transmission at the scintillation wavelength of 425 nm, and a 
highly uniform refractive index to ensure maximum resolution of the 
detector. Also, the nuclear properties of the guide were important, 
because it was essential to minimise the effect of the guide on the
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neutron flux in the stack and to reduce the gamma ray flux transmitted 
from the uranium assembly to the photomultiplier. Both these nuclear 
requirements would be met by a material with a high atomic number.
Quartz was chosen as the best material available satisfying both the 
optical and nuclear requirements.
Having selected the type and size of the scintillator and the 
material for the light guide, only the length of the guide remained 
to be determined. For experiments in thorium it would be necessary to 
shield the photomultiplier from gamma rays from the stack. It was 
decided that such a lead shield close to the photomultiplier should 
be at a distance from the stack comparable with the distance of other 
similarly massive items such as components of the stack support table 
and vacuum equipment. Thus a length of 450 mm was chosen for the 
light guide.
3.3 Development of the Detector
The first experimental prototype detector was a small cylindrical 
glass chamber with a volume of 0 o45 c m \  which was placed on the end 
of a Perspex light guide (the quartz was not yet available). With 
this it was proved that the count rates estimated in section 3.2 were 
about right. In a thorium stack, neutrons from the Be(d,n) source 
contributed about 10 kHz of a total count rate of 55 kHz. The remain­
ing 45 kHz was examined by checking the count rate with different 
arrangements of lead shields, with and without the scintillation 
chamber mounted on the end of the light guide. Five kHz proved to 
come from gamma rays causing scintillations within the chamber and 
40 kHz from gamma rays passing down the Perspex rod to the photocathode. 
Calculations using mass absorption coefficients from Cember (1969) 
showed that replacement of the Perspex by quartz would reduce this 
gamma flux by a factor of 4. Since the optical properties of quartz
Resolution^ a/u
Chamber Volume Light Guide Output System 0.511 MeV y 0.392 MeV Comments
(cm3) (Figure 3-2) Ni* from 22Na electron
V 1 o  /\i Gt/lJ
Large glass 65 1410 0.060 0.088 0.094 Perspex light guide reduced
cylinder
20 mm Perspex 1052 0.069 0.102 0.096
response by 25% and slightly 
worstened resolution.
Large Light collection efficiency
truncated 38 - 1880 0.074 0.093 - improved by 30%, but resolution
cone worstened.
0.45 - .1 540 0.068 0.092 0.126 Performance essentially the same as 
the large glass cylinder, "
Small glass 25 mm Perspex 1100 0.102 0.126 - 28% loss in response and consider-
cylinder able loss of resolution due to 
guide.
470 mm Perspex 440 0.18 0.21 0.27 Very poor response and resolution.
Perspex cone ('.58 Tnteqra1
25 mm Perspex 1430 0.025 0.069 0.122 Improved optics increased response 
and resolution
470 mm Perspex 570 - - 0.136 Response too poor to locate knee in 
response. 40% transmission.
200 mm quartz 1240 - 0.123 Resolution unimpaired by guide. 
87% transmission. ■




0.58 4 50 mm quartz. 893 0.041 0.091 0.121 Light output reduced by imperfect 
inner surface of cone.
Quartz cone 0.58 450 mm quartz 1010 0.042 0.087 - Optical performance same as Pejrspex
No. 2 • cone, but no hydrogen!
*N may be regarded as the number of photoelectrons emitted from the photocathode when an electron of 1 MeV 
is stopped in the scintillator (equation 3.1).
The procedure for obtaininq o is discussed in the text, section 3.3. Accuracy ^5%.
The electron source, 113mIn, was on a platinium wire inside the chamber. The resolution depended on the 
position and so this source is useful only for comparison of performance of a particular chamber under 
varied conditions, but not for comparing two chambers.
TABLE 3-1
PROPERTIES OF THE SCINTILLATION CHAMBERS
16
are better than those of Perspex, the gain of the photomultiplier 
could be lowered to give the same response to a given scintillator 
light output, so that the count from transmitted gamma rays would be 
reduced by more than a factor of 4.
The first prototype therefore proved that it was possible to 
obtain a reasonable count rate, with a reasonable background using 
a detector of about 1 cm2 volume. It remained to try to obtain the 
best possible performance from the detector system. For the rest 
of this section, a detailed history will be given of the steps from 
the first prototype to the final system. First, criteria will be 
established for evaluating detector performance. Then two relatively 
large detectors will be described, their performance giving a 
standard to which the following small detector performances can be 
referred. This information is summarised in Table 3-1.
There are two parameters which define the quality of a detector 
system - the signal to noise ratio and the resolution. The first is 
directly proportional to the light output, L, from the scintillator 
light guide system into the photomultiplier photocathode. L may be 
measured using a relationship due to Prescott (1963) linking the 
number, N, of photoelectrons from the photocathode to the mean, y, 
and variance, a2 , of the pulse height distribution obtained using a 
pulsed light source with constant amplitude,
N = 2y2/a2 „ ...(3.1)
P
If the quantum efficiency of the photocathode, n, is known, L = N/r).
In the short term (a few months), n is constant and N can, and will, 
be quoted as the scintillation system output. If the amplifier 
system gain remains constant, the mean pulse height y is proportional 
to N. Thus:
N = ky , ...(3.2)
where k is a constant.
FIGURE : 3 -1 PHOTOMULTIPLIER BASE ASSEMBLY
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Measurement of N was effected by equipping the photomultiplier
base assembly with a GaAs light emitting diode and a Perspex light
guide (Figure 3-1). By measuring y and a of the response to fixed
amplitude light pulses, equations (3.1) and (3.2) could be solved to
yield the value of k. Given k, the response y to an electron ofE
energy E established the output N at energy E. The output, N lf ofE
the scintillation system to a 1 MeV electron was just N x 1/E.E
The response of the scintillator to monoenergetic electrons was 
obtained from the response to monoenergetic gamma rays. The latter 
produce a continuum of electron energies with a sharp cut-off at the 
'Compton edge', which is the maximum energy which can be transfered 
to an electron in a classical billiard ball or 'Compton' collision 
with a gamma ray. Because of the limited resolution of the scintilla­
tor system, the sharp Compton edge is broadened, resulting in a gamma 
response typified by the response to the 0.511 and 1.274 MeV gamma 
rays from a 22Na source, shown in Figure 3-3. The pulse height 
associated with electrons having the Compton edge energy has been 
determined empirically by Flynn et a l . (1964) to be 96% of the pulse
height at the half height of the high pulse height edge of the 
response. This result has been confirmed by Monte Carlo calculations 
by Clayton (1972).
The second parameter required to assess the detector system 
performance was its resolution, which limits its ability to differen­
tiate between scintillation events producing differing amounts of 
light in the scintillator. This resolution is dominated by the 
variance, a 2, of the pulse height distribution from light pulses of 
constant magnitude at the photocathode (equation 3.1), together with 
the variance, a^, associated with non-uniformity of light collection 
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resolution was:
a2 = a2 + a2 . ...(3.3)t p s
The values of o given in Table; 3-1 were calculated from a s p
(equation 3 .1) and thq total resolution, a , of the response to the
o O0.511 MeV gamma rav from Na. The value of was obtained assum­
ing the response to be a Gaussian broadened step or error function, 
which has as mean, p, the half height and as variance, a, 0.385 times
the difference between the pulse heights at 10% and 90% of the maximum
90count/channel ; that is, o = N j q x 0.385. While the values of and
will all have a small systematic error because the response is not
exactly an error function, the value of a as a parameterisation ofs
variation of light collection efficiency is in no way impaired.
Before leaving the subject of resolution, mention should be made 
of edge effects0 The 0.511 MeV gamma ray rather than the 1.275 MeV 
gamma ray was chosen for measuring ô _ because the ranges of the 
Compton electrons are up to 0.6 and 2.5 mm, respectively (Cember 1969). 
The proportion of electrons hitting the walls of the chamber is p a l l  
for the lower energy gamma ray, but rather high for the other, in the 
small chambers with diameter ^10 mm. Edge effects are unimportant in 
the detection of neutrons in the present experiment because the range 
of a knock-on proton of 6 MeV is only 0.5 mm (Aron et a l . 1949).
Now that the criteria for evaluating scintillation chambers are 
established, it is time to present the performance data for the large 
glass chamber. Figure 3-1 shows constructional details of the photo­
multiplier base assembly and Figure 3-2 the scintillation chambers 
and light guides. The pulse height spectra in Figure 3-3 were 
obtained from a 22Na source (0.511 and 1.272 MeV gamma rays) and a 
localised internal 113mIn Auger electron source. The latter is
2 3 4 5 6 7 8
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discussed in Appendix A. Before -the chamber epoxy seals were applied, 
responses were obtained with the 113mIn source rotated to various 
positions. The response when the source was between 5 and 15 mm from 
the photocathode varied by 29%, while the response when the source was 
between 15 and 30 mm was constant. This suggested that a light guide 
20 mm long might give more uniform light collection efficiency and so 
improve the system resolution. The guide did improve the uniformity 
of thé 113mIn response, reducing the difference between the response 
with the source closest to the photocathode and the response with it 
further away, from 29% to 10%. However, the resolution was slightly 
worsened when the electron source comprised electrons scattered 
uniformly throughout the chamber by gamma rays from the 22Na source.
In a more successful attempt to apply science to chamber design, 
a calculation was made of light reaching the photocathode after just 
one total internal reflection. Such a calculation showed that if the 
walls of the chamber were conical rather than cylindrical, a substan­
tial increase in light collection could be achieved. The performance 
of a chamber in the shape of a cone with an angle of 15° to the axis 
did show substantial increase (30%) in light collection, but, 
disappointingly, the system resolution was worsened (Table 3-1).
_ It was clear from the differences between performance and expect­
ation with the large chambers that either a much more rigorous program 
of basic experiments and calculations was required to optimise design 
of the scintillator probe, or a purely empirical approach should be 
employed. Since only the latter was feasible at the time, a series 
of modifications were made to the light guide of the small glass 
chamber, culminating in the system in Figure 3-2(d-f) which had a 
performance (Table 3-1) which was inadequate. Not only was the trans­
mission poor (29%), but the system resolution, which reflects varia-
FIGURE : 3 - 5  QUARTZ LIGHT GUIDE TEST -  
RESPONSE OF PERSPEX CONE TO 113 In  SOURCE
FIGURE: 3 - 6  RESPONSE OF QUARTZ PROBE 
DETECTOR TO 22 Na SOURCE
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tion in light collection efficiency, was an unacceptable 0.18 (a/p). 
The chamber without the guide performed quite well, but even the 
25 mm section of light guide to interface the detector to the guide, 
worsened the resolution considerably0 A new design was required.
Some guidance was sought from a computer calculation by Falk 
et al. (1970), who used a quite rigorous simulation of several 
detector optical systems. However, they did not use a representative 
spatial mesh and their results were not in qualitative agreement with 
the present results (Table 3-1). For example, by sampling responses 
at different points along the walls of the chamber, Falk et a l . 
predicted that a conical chamber should have better resolution than a 
cylindrical chamber. In Table 3-1 it can be seen that the resolution 
of the large conical chamber with a uniform source was worse. Despite 
this discouragement and the observation that crazing to the depth of 
1 mm occurred overnight in Perspex soaked in NE213 liquid, the 
conical Perspex chamber in Figure 3-2g was made and tested.
The performance was remarkably good. Not only was the light out­
put as good as the large glass chamber, but the system resolution was 
more than a factor of two better. Figure 3-4 shows the responses to 
a 2^Na source of the Perspex cone, the small glass chamber with the 
interface only and the latter chamber with the full 470 mm guide.
Even with the full Perspex guide, the resolution of the Perspex cone 
chamber was worsened by only a factor of 1.1, as opposed to 2.0 when 
the small glass chamber was used. When the full 450 mm quartz guide 
was available and coupled to the conical Perspex chamber, it proved 
to transmit 81% of the light without loss of resolution. The response 
to a 113m-j-n source with and without the quartz light guide is shown in 
Figure 3-5.
Two chambers were made from quartz to the dimensions of the
GUIDE FOR G aAs 
LIGHT PULSES QUARTZ ROD JOINED AT MIDDLE 
BY CLEAR SILICONE RUBBER
QUARTZ GUIDE INTERFACE 
& SCINTILLATION CHAMBER
FIGURE: 3 - 7  THE SCINTILLATOR PROBE
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Perspex cone. A pulse height spectrum from a 22Na source is given in 
Figure 3-6. The performance was similar to that of the large glass 
chamber, with the overall resolution of the 0.511 MeV gamma ray the 
same, the system resolution of the quartz cone better and its response, 
N, smaller. Details of the construction of the scintillator probe are 
given in Figure 3-7. The only difference between the two quartz 
chambers was the degree of polish of the inside surface, giving the 
second chamber 10% more light output.
In view of the difficulty of constructing the hollow quartz cone, 
combined with the remarkable life of the Perspex cone chamber which 
was still working after three years, it would be better to construct 
just the small hollow part of the chamber from Perspex. The extra 
hydrogenous material would not matter (^1 cm ) and the benefit of 
easier construction would outweigh the trouble of replacing the 
Perspex chamber every year or so should the crazing observed previously, 
lead to serious damage to the chamber in time.
3.4 Pulse Height Scale and Threshold
There are at least three reasonable choices of pulse height scale 
against which one could calibrate the measurement of pulse height 
spectra from neutrons. Most directly relevant to the measurements 
would be the response of the detector to protons, because the upper 
edge of the proton energy distribution from a monoenergetic neutron 
is equal to the energy of the neutrons. However, the proton response 
of a liquid scintillator is strongly non-linear in terms of pulse 
height versus proton energy and is inconvenient to work with.
Many authors (for example, Verbinsky et a l . 1968) prefer to use 
a scale which is linear in pulse height. They define a 'light unit' 
in terms of the response of the scintillator to a gamma ray. The 
objection to this scale is a matter of taste - the 'light unit' is
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not so much a measurement of light output as a name given to a linear 
scale on which the response to a 1.25 MeV electron is 1 unit.
In general, if the pulse height scale is to be linear, some 
secondary unit, such as light output, must be used. However, if, as 
in the present measurements, the lower energy threshold is set to 
ignore pulses less than the response to a 100 keV electron, the pulse 
height response of the scintillation system to electrons (electron 
response) is proportional to the electron energy and is therefore 
suitable as a scale.
While there is general agreement that the electron response is 
linear above about 100 keV, there is some suggestion that the extra­
polated response has a non-zero intercept at zero energy, rather 
spoiling the electron response as an ideal scale. Measurements by 
Flynn et al. (1964) using Auger electrons in the range 0.026 to
1.01 MeV and by Horrocks (1964) using Auger electrons and Compton 
electrons in the range 0.0065 to 0.636 MeV, both indicated that the 
response was linear above 0.1 MeV, but that the linear region had an 
extrapolated zero intercept at about 20 keV. Measurements made to 
check this, using Compton electrons in the range 0.341 to 1.61 MeV, 
yielded a straight line with an intercept at -4±5 keV. Within the 
accuracy of these measurements then, the electron response over
0.341 MeV is directly porportional to pulse height. Accordingly, the 
unit of pulse height used throughout this thesis is the response of 
the detector to a 1 MeV electron - abbreviated MeVe.
During the experiments, the pulse height scale was calibrated 
using a 137Cs source. This isotope produces a single gamma ray of 
0.6616 MeV which is the maximum energy that can be used in the small 
detector because of edge effects.
The setting of the range of pulse heights in MeVe was determined
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at the upper end by the response to the highest energy neutrons to be 
measured - about 4 MeVe for 6.5 MeV neutrons. Edge effects were 
unimportant for neutrons of this energy because of the short range of 
protons in the scintillator. The dynamic range of the ADC and timing 
walk of the constant fraction of pulse height triggers (CFTs) limited 
the lower level discriminator to a minimum of 0.1 MeVe„ This permitted 
measurement of neutron energies down to 0.5 MeV.
3.5 Detector Efficiency
As mentioned in the introduction to this chapter (3.1), the 
detector efficiency was measured using the pulse shape analyser. 
Preliminary measurements indicated that the best compromise between 
high gamma rejection and low neutron loss was when the pulse shape
I O *7 ,analyser was set to reject 98% of the counts from the 1 J Cs calibra­
tion source.
The most expedient way to measure the probe efficiency was to 
compare energy spectra taken by the probe and the large NE213 
detector simultaneously, using time of flight. Since the efficiency 
of the latter was known (Whittlestone 1977a), the efficiency of the 
probe was readily determined from the ratio of the two spectra.
Some difficulty was experienced with this measurement because of 
the considerable difference in count rates (100:1) when the detectors 
were placed side by side. To obtain a reasonable count rate from the 
probe while limited to a total rate of 5 kHz by the pulse height 
analyser, it was necessary to place the large detector at 2 m and the 
probe at 1 m from the target. This gave rise to a difference in energy 
resolution, since, for a constant time resolution, the energy resolu­
tion is inversely proportional to the flight path. Fortunately, this 
difference was not very important, for two reasons. Firstly, the 




































FIGURE: 3 - 8  NEUTRON ENERGY SPECTRUM FROM A THICK 
NATURAL LITHIUM TARGET BOMBARDED BY 2-3 MeV DEUTERONS
FIGURE: 3 - 9  SCINTILLATOR PROBE EFFICIENCY
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neutron energy spectrum was free from fine structure over the region 
of interest, coming as it did from a lithium target bombarded by
2.3 MeV deuterons (Figure 3-8). Another problem associated with 
the count rate difference was that of correcting for dead time in the 
pulse height analyser. This was overcome by setting up time gates 
and delays so that the time spectra from both detectors were collected 
in the same time spectrum, from the same time to amplitude convertor. 
Dead time losses were equal throughout the composite spectrum. Correc­
tions arising from multiple events per neutron burst were calculated 
to be less than 1% and were ignored.
The efficiency derived from the comparison with the large NE213 
detector (Figure 3-9) was checked by two means. Firstly, a Monte 
Carlo calculation, using proton responses of Smith et a l . (1968) was
made by Clayton (1977). This was within 10% of the experimental 
points up to 7 MeVo Secondly, the energy spectrum from a beryllium 
target was measured using the scintillator probe and compared with 
the previous measurement (Whittlestone 1976). The two spectra, shown 
in Figure 3-10, agree very well above 0.7 MeV, provided allowance is 
made for the slightly improved resolution of the measurement with the 
small detector. The discrepancy between the spectra in the energy 
range 0.5 to 0.7 MeV remains unexplained.
These two confirmations of the efficiency measurement are consis­
tent with the accuracy of 7% on the spectra between 0.7 and 7 MeV, 
calculated from errors (5%) in the time of flight measurement, and 
the accuracy with which the large detector efficiency was known (5%).
3.6 Monoenergetic Neutron Responses
The sine qua non of neutron spectroscopy with an organic scintil­
lator is the monoenergetic neutron response matrix. Any errors in 
this matrix are reflected directly into the unfolded energy spectrum.
FIGURE: 3-10 NEUTRON ENERGY SPECTRUM FROM A THICK
BERYLLIUM TARGET BOMBARDED BY 2-3 MeV DEUTERONS
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During the period since about 1960 when the value of organic scintilla­
tors as spectrometers was first appreciated and exploited, many 
different experimental and theoretical techniques have been tried in 
an attempt to establish the response of scintillators to monoenergetic 
neutrons. This section is devoted to a brief exposition and evaluation 
of different techniques, followed by a detailed account of the deriva­
tion of the responses used in the present measurements0
Monte Carlo methods have been adopted almost universally for 
calculating responses. Batchelor et al. (1961), who virtually 
pioneered neutron spectroscopy with organic scintillators, calculated 
neutron histories until the neutrons escaped or were absorbed. He 
added into the scintillator light output the contributions from recoil 
protons, recoil carbon nuclei and alphas from the 12C(n,a)^Be reaction. 
Textor et al. (1968) and later Kellermann et a l . (1971) further refined
the detector model to include all significant neutron-carbon inter­
actions, as well as effects due to recoil protons leaving the scintilla­
tor. In all these calculations, the variation in light collection 
efficiency, or resolution, of the scintillation chamber was modelled by 
a Gaussian broadening function with empirically determined parameters.
De Leo et al. (1974) have extended the above techniques by allowing for 
light attenuation in the scintillator and for reflection losses.
All these calculations were accompanied by one or two examples of 
experimentally determined responses with which they agreed rather well. 
In view of this, a Monte Carlo code was written (Clayton 1972) to 
simulate the response of a scintillation detector of dimensions 
36 x 50 mm diameter to neutrons with energies ranging from 0.02 to 
10 MeV. The detector size and neutron energy range permitted edge 
effects and carbon (n,a) reactions to be ignored. It was decided to 
treat the resolution of the system more rigorously than had been done
26
before, using the resolution function of Prescott (1963) with variance 
from light pulser measurements (section 3.3, equation 3.1) to allow 
for the photomultiplier statistics. A fixed variance term was used to 
account for the pulse height independent resolution at large pulse 
heights (neutron energies >2 MeV in the present case).
No attempt was made to calculate this last term, which accounts 
for variation in light collection efficiency, for two reasons. Firstly, 
results obtained with different sized chambers suggested, contrary to 
the work of De Leo et al. (1974), that the dominant losses are due to 
reflectivity of the chamber walls and not to light attenuation within 
the chamber. In Table 3-1 it will be noted that the results for total 
light output, the best indicator of total attenuation, are practically 
the same for different sizes of the same geometry, For these chambers, 
therefore, the total light path length was unimportant. The task of 
calculating light collection efficiency was evidently a major problem 
in itself, with discrepancies between the above results and those of 
others to be resolved. The second reason for not calculating the 
chamber resolution was simply expedience. The aim of the exercise was 
to calculate correct pulse height shapes, not absolute magnitudes, 
since the magnitude was determined from gamma ray calibrations.
Because the high energy edge of the response in the detector being 
used was very nicely represented by a Gaussian broadening function, 
there was no need to find a better function.
Calculations of monoenergetic neutron responses were made for the 
large glass chamber, since this was comparable with the size of tne 
chambers whose responses had been calculated by others. First, proton 
light output data was taken from Smith et al. (1968). When this failed 
to produce good agreement with experimentally determined monoenergetic 
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responses. Those reported by Batchelor et al. (1961) and Verbinsky
et al. (1968) were tried. Finally, some empirical modifications of 
the published proton responses were used. The monoenergetic response 
for neutron energies of 0.58 and 1.1 MeV using proton responses due 
to Smith et al. (1968) and using one of the modified proton response 
sets are shown in Figure 3-lla,b. There appeared to be no simple way 
to modify the published proton responses to obtain agreement between 
experiment and theory. It was evident that calculations could not be 
made successfully unless a set of proton responses was measured. But 
all the techniques for measuring proton responses produce, directly 
or with minor modification, monoenergetic neutron responses. In the 
present case, since the main interest was measurement of neutron 
spectra rather than the investigation of detector properties, it was 
decided to shelve response calculation in favour of direct measurement.
The simplest response measurement technique is to use an accelera­
tor to produce monoenergetic neutrons by bombarding a thin target, as 
Furuta et al. (1970) have done, their source being neutrons from the 
T(p,n)3He reaction. The next degree of sophistication was to use a 
pulsed beam and time of flight to solve background problems associated 
with gamma rays and scattered neutrons. This method was employed by 
Batchelor et al. (1961) and O'Dell et a l . (1968) with the T(p,n)3He,
T ^ n J ^ H e  and D(d,n) 3He reactions and also by Beghian et al. (1965)
with the Li(p,n) reaction. Pohl et a l . (1970) used a pulsed source
producing a broad spectrum of neutrons and used time of flight 
techniques to select the neutron energy. In a variation of this 
technique, Smith et al. (1977) used a 252Cf source with an ionisation
chamber to provide the time reference.
When the source is limited by the availability of only a low 
energy deuteron beam, a usefully high output of neutrons may be
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supplied by a reaction such as D(d,n)3He. Different energies can be 
obtained by scattering the neutrons from a hydrogenous material, which 
is usually in fact a scintillation detector. Mubarakmand et al. (1971) 
describe such a system.
The associated particle method is a highly accurate way to deter­
mine absolute efficiency and monoenergetic response functions of a 
scintillator. A measurement by Love et al. (1968) used the associated 
recoil charged particles from T ^ n ^ H e  and D(d,n)3He reactions to 
define the neutron flux in their calibration of a NE213 scintillator, 
producing a response matrix which was good enough to be in use ten 
years later (Johnson et al. 1977).
In general, a technique chosen for good energy resolution will 
have a low count rate. For example, the associated particle rig 
described by Jones et al. (1974) made use of a thin target, which had 
a low yield by virtue of its thinness and also required use of 
coincidence techniques to ensure that only neutrons of the correct 
energy were recorded, thereby reduced the count rate of useful events 
still further. The low count rate presented a major problem when 
calibrating the scintillator probe. If, for instance, it was decided 
that a total of 106 counts were required in a given response, a typical 
associated particle rig with a beam of 100 neutrons s“ 1 into the 
detector would require a prohibitive six days per measurement. On the 
other hand, the time of flight facilities available, using the high 
output Li(d,n) reaction as a neutron source, could achieve a count 
rate about one hundred times greater, but with an inadequate energy 
resolution above 2 MeV.
The rest of this section describes the procedure whereby the mono­
energetic neutron responses for the scintillator probe were determined. 
The approach taken was to use time of flight energy separation (see
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Appendix B) to establish a basic set of neutron responses, set A.
These responses were corrected using as much information about proton 
responses and resolution as was available from gamma ray measurements 
and from some measurements with very poor statistical accuracy 
obtained using the associated particle technique (see Appendix B ) . A 
function Y (x) of the pulse height, x, was found whose parameters could 
be varied to represent the response for each neutron energy. These 
parameters were then adjusted using the available information to obtain 
parameters from which a new set of responses could be generated.
The logical steps in the adjustment procedure which will be 
described in detail below, were as follows. Firstly it was assumed 
that the parameters from fitting Y(x) to each of the responses of 
set A should vary smoothly with neutron energy. This constraint, 
together with some information from the associated particle experiment, 
formed the basis of an adjusted set, B. Next, a test pulse height 
spectrum was measured from a neutron source whose energy spectrum was 
known. If the monoenergetic responses were correct, they could be 
folded with the known energy spectrum to produce a pulse height 
spectrum which would be consistent with the measured pulse height 
spectrum. The final step in refining the response set was to use the 
degree of agreement between the folded and measured pulse height 
spectra as a guide to adjustment of the parameters of Y(x). Response 
set C was derived from set B by altering just a resolution parameter,
S. In obtaining set D, both S and a monoenergetic proton response 
parameter, Q, were adjusted to give the best fit of the folded and 
measured pulse height spectra. Only the parameters S and Q were 
adjusted because they were the parameters most subject to error in 
the measurement of the basic response set A.
The basic function chosen to model the monoenergetic neutron
FIG 3-12a THE FUNCTION Y (X ) = AeT(p_x)+ B e u(P' x )+ C erf (S1T
FIG. 3-12b EXPERIMENTAL AND GENERATED MONOENERGETIC NEUTRON 
RESPONSES -SCINTILLATOR PROBE
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responses was selected from combinations of exponentials, broadened 
step functions and sloping lines, using a program SUPERFIT by Clancy 
(1977), which is an interactive code designed for just this type of 
fitting problem. The best function proved to be
T(P-x. ) U(P-x. ) Q-x.
Y(x ) = A • e 1 + B • e 1 + C • erf — -- , ... (3.4)
■*“ O
where Y(x.) = count in channel i,l '
x_̂  = pulse height of channel i, and
A, B, C, P, Q, S, T, U are parameters to give 
the best fit to the experimental data.
The function is illustrated in Figure 3-12a. Of the eight parameters, 
the only two with obvious significance are Q, the response to protons 
with the same energy as the neutrons, and S, the square root of twice 
the variance of the photomultiplier plus scintillator response.
Having selected the function, it was inefficient to use SUPERFIT, 
which suffers the inevitable problems of a highly generalised code, 
and a specialised subroutine PFIT, based on VA06A by Powell (1970), 
was written for the data handling code AND (Chapter 4) . Using PFIT 
it was found that only one exponential term was necessary for neutron 
energies up to 1.6 MeV. Thus for the lower energies, five parameters 
were fitted, P being set at the threshold, 0.1 MeVe, while B and U 
were set to zero. For neutron energies of 1.9 MeV and greater, both 
exponential terms were needed, but only one more parameter proved to 
be necessary, it being best to fix the Y value at x = P; that is,
A+B+C = experimental Y(P). Figure 3-12b shows the fits to two responses.
Each of the parameters from PFIT was treated as a function of 
neutron energy and fitted to the polynomial in energy of whichever 
order (up to 4) gave the best fit. In the case of the upper edge 
variance parameter S, the fitted values were taken for neutron
FIGURE : 3 -1 3  THE PARAMETERS 'O ' AND ‘ S ' FOR 
RESPONSE S E T S 'A 'A N D 'B 'V E R S U S  NEUTRON ENERGY
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energies up to 1.374 MeV, where S/Q reached its minimum value of 0.19.
Since edge effects were negligible, the combined scintillator and
photomultiplier variance was given by equation (3.3) as the sum of the
chamber variance a2 from light collection efficiency variations ands
the photomultiplier variance, a2 , ag is proportional to pulse height, 
so that at pulse height Q, = d*Q, where d is a constant. To calcu­
late cr̂  at pulse height Q, y in equations (3.1) and (3.2) is replaced 
by Q. 'Eliminating N between these two equations yields:
o2 = 2 • Q/k .
P
Now for monoenergetic neutrons:
S =  2 •  Jo 2+02p s
leading to S/Q = 2 • J2/ (kQ)+d2
For monoenergetic neutrons, therefore, the value of S/Q must decrease 
with increasing neutron energy. Any increase in the measured value of 
S/Q must be due to energy dispersion of the incident neutrons. Thus 
for higher energies, S/Q was put equal to 0.190. The proton response, 
Q, was taken from the fitted values up to 3.62 MeV and from the 
associated particle measurement above that energy. Figure 3-13 shows 
the value of S and Q obtained from the measured profiles, as well as 
the best polynomial fit to these parameters, and the values taken to 
generate the monoenergetic response set, B, Each response was scaled 
so that the integral above the threshold equalled the efficiency 
previously measured for each energy (section 3.5).
The final phase of establishing the response set was to make 
slight adjustments to the parameters Q and S to obtain consistency in 
the test spectrum measurement. Adjustments of Q of the order of a few 
per cent were consistent with the accuracy of the data from the time 
of flight measurement. S could be calculated by assuming chamber
FIGURE: 3 -1 4  THE DIFFERENCE BETWEEN 
THE EXPERIMENTAL AND RECONSTRUCTED PULSE HEIGHT 
SPECTRUM USING A 9B e ( d , n  ) '“B NEUTRON SOURCE
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resolutions, o/\i, in the range 0.04, which was measured using the gamma 
ray responses (Table 3-1) to 0.08, as suggested by the associated 
particle measurement. The photomultiplier resolution was calculated 
using Nj = 1010 (Table 3-1), because this value was considered 
accurate and gave good agreement with the time of flight measurement 
at low energies, where the photomultiplier resolution was dominant.
The test spectrum chosen was the ^Be(d,n)1(̂ B reaction at 0°, 
because the spectrum was both well known and complex enough to be a 
challenge to the spectrum measurement technique. The solid line in 
Figure 3-14 shows the percentage difference between the measured pulse 
height spectrum and a reconstructed pulse height spectrum obtained by 
folding the energy spectrum with the response set A.
In order to quantify the discrepancies in the monoenergetic 
response set, a parameter x2/N was generated from the experimental 
pulse height spectrum, E, and the reconstructed spectrum, F, which was 
obtained by folding the known energy spectrum with the monoenergetic 
responses. The parameter x2/N was the sum:
on the spectra E and F, respectively,
Nj and N£ are the pulse height channels defining 
the part of the spectrum for which com­
patibility is being established, and 
b is a scaling factor.
The value of b was quite arbitrary because no attempt was made in 
measuring the pulse height spectrum to determine the absolute number 
of neutrons detected* Only the spectrum shape was of interest, b was 
therefore selected to minimise x2/N in some pulse height range where it
N2 (E.-b *F. )2p l i
2
...(3.5)







Optimised in range 0.6-3.5 MeVe 
Pulse Height Range (MeVe)
0.25-0.60 0.60-3.5 0.25-3.5
Time of flight
A 0.19 1125 46 160
C 0.08 280 24 51
F 0.08 19 2.4 4.1
Q changed by
D a few % (see 0.06 9.9 1.6 2.5
Table 3-3)
E 0.04 20 2.5 4.3
TABLE 3-2
VALUES OF x 2/N FOR FOLDED PULSE HEIGHT SPECTRA COMPARED 
WITH TEST SPECTRUM FROM 9Be(d,n)10B REACTION
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was considered that differences in spectrum shape would be highlighted.
Values of x2/N for each response set were obtained by determining 
the scaling factor, b, (equation 3.5) that minimised x2/N above pulse 
heights of 0.60 MeVe, which corresponds to neutrons with energies 
above the big step in the ^ B e ( d , n ) ^ B  spectrum at 1.5 MeV. X2/N values 
were then calculated for the sections of the spectrum between 0.25 and 
0.6 MeVe. In the region between threshold and 0.25 MeVe, no optimisa­
tion was carried out because the responses were no longer step-like 
and thus insensitive to changes in Q after scaling to preserve the 
efficiency. The sensitivity of X2/N to small changes in O and rather 
larger changes in chamber resolution is apparent in Table 3-2.
Figure 3-14 shows the percentage differences between experimental and 
reconstructed pulse height spectra obtained using set C, in which S 
was optimised by changing the chamber resolution (cr/p was decreased 
from 0.13 to 0.08) and using set D in which both Q and S were optimised. 
Table 3-3 gives a complete set of parameters used to generate response 
set D and the changes in O and S from set C.
To conclude, the most important points to emerge from this 
section are summarised. Firstly, the whole complex process of deriv­
ing the responses is vindicated by the success in creating a 
response set which can be folded with an energy spectrum to match the 
measured pulse height spectrum corresponding to that energy spectrum, 
within a few per cent over most of the pulse height range (Figure 3-14) . 
Secondly, a relatively simple function (equation 3.4) has proved to 
adequately represent the response of the scintillator probe for 
neutrons up to about 6 MeV. Thirdly, the technique of reconstructing 
a pulse height spectrum by folding an energy spectrum with a profile 
set provides not only a test of the profiles, but also a means of 










Other Parameters (see equation 
















1 0.535 0.1060 +3.2 6.138 4.719 4.719 0.0239 -3.7 70.08 70.08
2 0.619 0.1303 3.2 5.021 3.824 3.824 0.0269 -3.7 61.32 61.32
3 0.721 0.1617 3.1 3.969 2.970 2.970 0.0304 -4.9 51.39 51.39
4 0.854 0.1853 -7.3 3.076 2.262 2.262 0.0316 -15 44.38 44.38
5 1.032 0.2310 -9.2 2.297 1.655 1.655 0.0367 -19 36.50 36.50
6 1.188 0.3088 -4.6 1.842 1.304 1.304 0.0440 -16 31.83 31.83
7 1.374 0.4008 0 1.461 1.016 1.016 0.0533 -13 28.62 28.62
8 1.622 0.5018 -2.1 1.116 0.7605 0.7605 0.06215 -16 26.28 26.28
9 1.922 0.6719 +2.0 0.8919 0.6104 0.5621 0.0780 -14 25.55 2.175
10 2.23 0.8760 - 1.0 0.6688 0.4533 0.4002 0.0958 -17 26.28 2.132
11 2.87 1.232 +4.7 0.4880 0.3304 0.2707 0.1273 -15 28.91 2.073
12 3.62 1.673 +4.2 0.3550 0.2444 0.1756 0.1651 -17 32.85 2.015
13 4.76 2.185 -3.6 0.2588 0.1872 0.1046 0.2066 -25 37.23 1.883
14
6.44 3.240 -2.3 0.2048 0.1614 0.0586 0.2974 -24 40.88 1.737
TABLE 3-3
PARAMETERS OF MONOENERGETIC NEUTRON RESPONSE SET D
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to error. This leads to the fourth and final observation that 
relatively small changes in the proton responses, Q, lead to very 
large x2/N values when the e ^ e r i m e n t a l  and reconstructed pulse height 
spectra are intercompared (Table 3-2). A corollary of this, of some 
importance in discussion of the unfolding of data to produce energy 
spectra, is that an unfolded spectrum may be quite close to the ideal 
solution to the unfolding problem and yet produce a very large value
r\
of x /N. In other words, if, as is usually the case, the reconstructed 
pulse height spectrum does not agree very well with the experimental 
data, the energy spectrum may still be acceptably accurate.
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3 . 7  T i m in g  W a lk  C o r r e c t i o n s
T i m in g  w a l k  i s  t h e  p u l s e  h e i g h t  d e p e n d e n t  s h i f t  i n  t h e  m e a n  t i m e  
a t  w h i c h  a  d i s c r i m i n a t o r  t r i g g e r s .  T o  i l l u s t r a t e  t h i s ,  c o n s i d e r  tw o  
p u l s e s  f r o m ,  s a y ,  a  s c i n t i l l a t i o n  d e t e c t o r ,  w h i c h  a r e  i d e n t i c a l  i n  
a l l  r e s p e c t s  e x c e p t  f o r  t h e i r  a m p l i t u d e s .  I f  t h e  t i m e  t r i g g e r  i s  
d e s i g n e d  t o  t r i g g e r  a t  a  c o n s t a n t  f r a c t i o n  o f  t h e  p u l s e  h e i g h t  ( i . s .  
i t  i s  a  C F T ) , t h e n  t h e  t i m e  a t  w h i c h  t h e  t r i g g e r  p u l s e  a p p e a r s  w i l l  b e  
t h e  sa m e  f o r  b o t h  p u l s e s .  S u p p o s e ,  h o w e v e r ,  t h a t  b e c a u s e  o f  c o m p o n e n t  
l i m i t a t i o n s ,  t h e  C F T  i n  f a c t  t r i g g e r s  a t  h a l f  t h e  p e a k  h e i g h t  o f  o n e
p u l s e , a t  t i m e  t ^  b e f o r e  t h e  p e a k  a n d  a t
q u a r t e r  o f  t h e  p e a k  h e i g h t  o f  t h e  s e c o n d  p u l s e ,
~H *2 r
a t  t i m e  t 2 b e f o r e  t h e  p e a k ,  t h e n  t h e r e  w i l l  b e  a  t i m e  d i f f e r e n c e ,
t 2 ~ t 1 , i n  t h e  w a l k . I n  p r a c t i c e ,  t h e  v a l u e s  o f  t i  a n d  t 2 w i l l  b e
— — o  2
d i s t r i b u t e d  a b o u t  a  m e a n  t i  a n d  t 2 w i t h  v a r i a n c e s  a n d  o2,
w h i c h  d e p e n d  o n  n o i s e .  W hen  a  p u l s e  h e i g h t  s p e c t r u m  i s  s a m p le d  o v e r  
s h o r t  t i m e  i n t e r v a l s ,  a s  i n  t h e  t i m e - d e p e n d e n t  n e u t r o n  e n e r g y  s p e c t r u m  
m e a s u r e m e n t s  ( C h a p t e r  6 ) ,  s e v e r e  d i s t o r t i o n  t o  t h e  s p e c t r u m  c a n  o c c u r  
i f  t h e r e  i s  a n y  w a l k ,  t h a t  i s ,  i f  t ^  ^  t 2 , o r  i f  t h e  n o i s e  a f f e c t s  
p u l s e s  o f  o n e  a m p l i t u d e  m o re  t h a n  p u l s e s  o f  a n o t h e r ,  t h a t  i s ,  O j ^  ^ 2 *  
I n  t h i s  s e c t i o n ,  r e s u l t s  a r e  g i v e n  o f  m e a s u r e m e n ts  o f  w a l k  a n d  
c o n s e q u e n t  p u l s e  h e i g h t  s p e c t r u m  d i s t o r t i o n s .  A  p r o c e d u r e  t o  c o m p e n ­
s a t e  f o r  w a l k  i s  d e s c r i b e d  a n d  t h e  e f f e c t  o f  w a l k  o n  t h e  t i m e - d e p e n d e n t  
e n e r g y  s p e c t r u m  m e a s u r e m e n t s  i s  e s t i m a t e d .  F u r t h e r  m e a s u r e m e n ts  w e r e  
m a d e , w i t h  w a l k  e l i m i n a t e d ,  t o  a s s e s s  t h e  d i s t o r t i o n s  a r i s i n g  f r o m  n o i s e  
w h i c h  b r o a d e n s  t r i g g e r i n g  t i m e  d i s t r i b u t i o n s  a t  lo w  p u l s e  a m p l i t u d e s .
I n  o r d e r  t o  t e s t  t h e  p e r f o r m a n c e  o f  t h e  e q u ip m e n t ,  e x p e r im e n t s  
w e r e  c o n d u c t e d  i n  w h i c h  i t  w a s  k n o w n  t h a t  t h e  s o u r c e  p u l s e  h e i g h t
SOURCE
(a) USING 22Na SOURCE
(b) USING PULSED NEUTRON SOURCE
FIGURE : 3 -15 BLOCK DIAGRAMS OF SYSTEMS USED FOR MEASURING WALK
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spectrum shape was completely independent of time, while the time of 
emission of the test particle was well defined. The time at which 
the test particle was recorded by the detector system, that is, the 
time at which the CFT output appeared, could be measured with respect 
to the time of emission, and the distribution of these detection times 
(time spectrum) determined. The time spectrum could then be measured 
at different pulse heights and the walk determined. Alternatively, 
the pulse height spectrum could be sampled at different times and any 
distortions observed.
Two systems were used for measuring walk; one shown schematically 
in Figure 3-15a, used the gamma rays from Na as a source. Since 
three gamma rays are emitted essentially simultaneously, two 0.511 and 
one 1.274 MeV at each disintegration, the spectrum of detector 2 events 
as a function of time after a count in detector 1 consists of a peak 
corresponding to both detectors recording gamma rays from the same 
disintegration, and a uniform background from detection of gamma rays 
from different disintegrations. The width of the peak is determined 
by the variation in flight times before a scintillation event in the 
detector (less than 0.1 ns in the present case) and by imperfections 
in the detection system, such as timing walk and effects due to noise 
(totalling about 1 n s ) . Walk in the detector 1 time trigger can be 
determined with this system by measuring shifts in the peak of the 
time spectrum for signals of different pulse heights. Walk in 
detector 2 had no effect on the measurement of walk in the detector 1 
trigger because there is no correlation between pulse heights in the 
two systems. This method of measuring walk had the advantages of very 
good timing resolution and relative simplicity of operation, both of 
which were invaluable for examining the timing behaviour of the 












FIGURE: 3 -1 6  TIME DISTRIBUTION FROM TWO SCINTILLATION DETECTORS 

























FIGURE: 3-17 TIMING WALK VERSUS PULSE HEIGHT
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However, a second means of measuring walk was needed because the
Na source provided a maximum pulse amplitude of 1.274 MeVe, whereas 
neutrons of 6 C4 MeV produce pulses of up to 3.5 MeVe. Also, it was 
considered important to measure walk using neutrons as well as gamma 
rays in case the slightly different pulse shapes from neutrons were 
significant in this context.
Since the triggering anomalies under study are strongly subject 
to the signal to noise ratio, it was important to measure walk under 
the conditions in which the system was to operate during the measure­
ment of the time-dependent neutron energy spectra0 The system, shown 
in Figure 3-15b, used a pulsed beam from the accelerator to define 
the time of emission of neutrons from the target. Although the tim­
ing resolution of this system was rather worse (3 to 6 ns) than the 
2 2Na experiment (1 ns), it was quite adequate for measuring walk, which 
is a shift in the mean time of triggering. For example, the mean of a 
distribution up to 6 ns wide can be determined quite easily to within 
0.1 n s .
The gamma ray system was used for the first walk measurements. 
Digital windows were set up to sample the time spectrum at different 
pulse heights. A plot of the resulting time shift of the peak, or 
walk, as a function of pulse height, is given in Figure 3-17bo Next, 
a set of pulse height spectra was taken from the digital windows in 
the time spectrum. The window boundaries are shown in Figure 3-16.
The marked difference between the time average pulse height spectrum 
and that from the window centred on 1.25 ns before the peak, is 
clearly shown in Figure 3-18, curves (a) and (b). The pulse height 
scale unit is V 3 MeVe.
The method adopted to reduce timing walk beyond what could be 










































FIGURE: 3 - 1 8  TEST OF WALK CORRECTION PROCEDURE  
PULSE HEIGHT SPECTRA USING “ Na GAMMA SOURCE
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the amplitude of the linear signal, to the time channel in which an 
event in the time spectrum was stored0
To illustrate this, consider two events which are recorded by 
the discriminator at the same time after the time reference pulse, 
but which have different linear signal amplitudes - say 0.06 and 1 unit. 
The timing walk of the first is zero, of the second 0.8 ns (Figure 3-17b). 
For a time spectrum calibration of 0.1 ns/channel, the timing of the 
second event would be corrected by storing it eight channels lower 
than the first. The pulse height event would then be stored in the 
pulse height spectrum corresponding to the appropriate digital window 
in the corrected time spectrum.
Such a correction procedure is limited by two factors. The first 
is the discrete nature of the corrections - fractional channel shifts 
are not possible. Therefore, the time channels must be chosen narrow 
enough to avoid 'bumps' in the spectra. The corrected curve,
Figure 3-18c, demonstrates the effect of wide channels at low ampli­
tudes. Secondly, the procedure cannot allow for the worsening timing 
resolution at low pulse amplitudes due to noise. For example, with 
the Na gamma ray measurement, the FWHM of the time spectrum varied 
from 1.50 to 2.48 ns as the amplitude decreased from 4.0 to 0.06 units. 
Therefore, after correcting for walk, pulse height distributions from 
the peak of the time distribution will be deficient in small pulses, 
while the converse will be true further than about 1 ns from the peak.
It is evident from Figure 3-18a,b,c that the walk correction 
procedure considerably improves the match between the time average and 
time gated pulse height spectra. A more quantitative comparison was 
made by normalising the spectra arbitrarily at a pulse height of 0.8 units 
and compressing each spectrum into ten channels to obtain reasonable 



















TIME BEFORE PEAK ( ns)
JRE : 3 _ 19 COMPARISON OF TIME WINDOW 
ND TIME AVERAGE PULSE HEIGHT SPECTR
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time windowed pulse height spectrum from the time average spectrum was 
formed by averaging the squares of the differences between the spectra 
over the ten pulse height channels. The results for the leading edge 
of the time distribution are given in Figure 3-19. The results for 
the trailing edge were similar. The main conclusion to be drawn from 
Figure 3-19 is that the walk correction system can eliminate the 
spectrum distortion due to systematic time shift of the mean time 
response of the discriminator. The residual RMS per cent error of 
about 20% was attributed to noise, which broadens the time distribu­
tion of low pulse heights, as explained qualitatively at the start of 
this section.
As a check on the hypothesis that noise was responsible for the 
spectrum distortions after walk has been essentially eliminated, a 
calculation was made of the reduction in counts caused by peak broaden­
ing at low pulse heights in a time window near the peak of the time 
distribution. The proportion, P , of counts at low pulse heights, L,
which appear in a time window, W, is:
f  '
f (t)dt L ■
p _ — ---------  = f (t) dt ,L r°° L
f (t) dt •'WL
J — 00
where f (t) is the time response at low pulse heights, normalised to a L
total area of 1.
Similarly, the proportion, P , of the high pulse height counts is:
P = H W
f (t) dtH
If the means of the time responses fL (t) and fH (t) are made to coincide 
by the walk correction procedure, the ratio R = P ^  is the distortion 
of the pulse height spectrum due to the different time response widths. 
Provided that noise broadening is the only cause of spectrum distortion,
40
R may also be calculated from the pulse height spectra:
R
C /C WL AL
C /C WH AH
r
where Cw is the count in the window at low
..o(3.6)
(high) pulse heights and
^AL(H) coun^ -*-n time averaged spectrum at low (high) pulse
heights.
In the present case, f (t) was applied to pulses of 0.06 units,
the time spectrum of which was markedly broadened by noise, and f (t)H
to pulses greater than 0.1 units for which there was very little
variation in time spectrum width with pulse height. The function f(t)
was observed to be Gaussian, f and f having standard deviations ofLi H
1.24 and 0.75 ns, respectively. Thus the ratio R for the window from 
0 to 0.5 ns was:













The value determined from the pulse height spectra using equation (3.6) 
was 0.57, which is considered to provide strong confirmation of the 
hypothesis that noise is the dominant cause of spectrum distortion 
when walk has been eliminated.
The results of the experiments on time-dependent distortions of 
pulse height spectra using a 22Na source can be summarised as follows:
(a) The walk correction procedure virtually eliminates the 
effect of pulse height dependent variation of the mean 
triggering time of the discriminator.
(b) The error caused in the pulse height spectra by noise 
broadening of the time response can be calculated once 
the time response has been measured.
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The next problem was to relate the ^ N a  gamma ray experiment to 
the proposed time—dependent neutron energy spectrum measurements.
These measurements would be much less subject to spectrum distortions 
than the gamma ray experiment, for three reasons. Firstly, the source 
time response was much wider - about 3 ns rather than 1 ns FWHM in the 
gamma ray experiment. Secondly, the neutron pulses were bigger, allow­
ing the gain to be reduced by a factor of 3, thus reducing noise. 
Finally, the ORTEC 271 photomultiplier base which incorporates a CFT 
was replaced by the superior ORTEC 463 CFT. It was evident, there­
fore, that walk could be eliminated as a source of error by measuring 
the walk of the CFT and using the walk correction procedure. Also, 
the pulse height dependent time distributions required to determine 
the walk would yield pulse height dependent widths from which the 
spectrum distortions due to noise could be estimated.
In order to measure the walk under conditions similar to the 
proposed time-dependent neutron energy spectrum measurements, it was 
necessary to find a time referenced neutron source producing energies 
up to at least 6.4 MeV. The most suitable method was to use the 
pulsed beam from the 3 MeV accelerator (Chapter 2) and set the detector 
as close as possible to the target to minimise time of flight 
dispersion of the neutrons, with the consequent introduction of a time- 
dependent change in pulse height spectrum (Figure 3-15b).
The most obvious source to use was a beryllium target bombarded 
by deuterons, since this was the source to be used in the energy 
spectrum measurements. However, this source turned out to be unsuit­
able because of the long-lived (1.01 ns) state of the 10B nucleus at 
0.7173 MeV (Lauritsen et al. 1966)0 This state causes a 0.7173 MeV 
gamma ray to be emitted at about a nanosecond, on average, after the 
rest of the target output. Thus the pulse height spectra from this
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target will be time-dependent, with a dearth of pulses from 0.7173 MeV 
gamma rays at early times and an excess afterwards. Even though pulse 
shape discrimination was used, it was not 100% effective, and it was 
considered unwise to introduce unnecessarily a possible systematic 
error into the walk measurement. A better source was the Li(d,n) 
reaction. The high energy neutrons in this source dominate the 
spectrum resulting in a high count rate at all pulse heights from 
fast neutrons, so that low energy neutrons arriving a nanosecond or so 
late do not significantly broaden the time distribution, even at low 
pulse amplitudes. For example, time spectra measured over an amplitude 
range of 0.1 to 3.8 MeVe had standard deviations between 3.59 and 
3.52 ns. Even if all of this change in standard deviation was caused 
by time of flight dispersion, the mean of the time distribution would 
not be affected significantly. Thus it was possible to make an 
accurate determination of the timing walk, which depended only on the 
mean of the time distribution. Unfortunately, time of flight disper­
sion of the neutron energy spectrum caused substantial pulse height 
spectrum changes in the wings of the time distribution, which precluded 
an accurate test of the walk correction system performance.
The timing walk measured using the pulsed Li(d,n) source is shown 
in Figure 3-17a. This curve is much smoother than the other curve 
(Figure 3-17b), reflecting the reduced contribution from noise at the 
lower gain setting and the superior performance of the ORTEC 463 
discriminator. It is reasonable to expect that the system which 
dramatically reduced the walk induced errors in the gamma ray experi 
ment with its 1 ns source resolution (FWHM) could virtually eliminate 
such errors in the time-dependent neutron energy spectrum experiment 
with its 3 to 6 ns resolution and better discriminator timing walk.
The second factor which can distort time-dependent pulse height
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spectra, broadening, by noise, of the time response at low amplitudes, 
also proved very small. An upper limit is set by the 3.52 to 3.59 ns 
range of the standard deviation of the time distribution at different 
pulse heights. Using equation (3.7) and the time window width at 
early times of 2 ns, the spectrum distortion, if all the broadening 
is attributed to noise, is given by:
R (3.8)
Since some of the broadening is almost certainly caused by slow 
neutrons, the error caused at low amplitudes by noise is less than the 
2% implied by the above value of R. When the detector and source were 
within the uranium assembly, the time distribution of the neutron flux 
was broadened compared to that of a bare source. This should reduce 
the error to less than 2%. Accordingly, an error of 1% was added to 
the pulse height spectra below 0.5 units to allow for pulse height 
dependent timing effects in spectra taken at early times, where the 
neutron flux was changing rapidly.
3.8 Errors Due to High Count Rates and Gamma Rays
High count rates lead to three major types of error, namely, time
spectrum shadowing, pulse height changes from base line shifts in 
signal processing equipment and pulse height augmentation by overlap 
of pulses (pile-up). The first of these occurs when there is a high 
probability of two events requiring to be processed in one sweep of 
a time to amplitude convertor (TAC). Since the TAC could process only
one event each cycle, events occurring later in the cycle tend to be
excluded by events early in the cycle if the count rate is too large, 
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merits, the count rate was ^10 kHz and the beam pulse repetition rate 
was 500 kHz. From this it was possible to calculate (Appendix C) 
that the pile-up probability, which is the number of cycles in which 
two or more particles are detected, divided by the number when one or 
more are detected, was close to 1%. Shadowing was therefore neglected.
The second error, from base line shifts, was negligible. A test 
pulse fed into the preamplifier of the modified ORTEC 271 photo­
multiplier base was unchanged in amplitude by neutron or gamma ray 
counts of up to the 10 kHz, which was the maximum during the experi-
r Amento As a double check, the pulse height spectrum from a D Co source 
was measured at 7.5 and 1.0 kHz. The two spectra (Figure 3-20) showed 
no sign of pile-up, the difference at low pulse heights being the 
result of scattering when the source was further from the detector.
It was the third error, pulse height augmentation by pile-up, 
which had the potential of being a serious problem. This was firstly, 
because neutron pulses could pile-up with neutron or gamma pulses, 
leading to extra counts in a neutron pulse height spectrum, sometimes 
at a part of the spectrum where there were only a few counts. Quite 
large percentage errors were possible. Secondly, pulse pile-up tends 
to increase the rise time of the composite pulse, thus affecting the 
pulse shape analyser (PSA) performance. A short rise time gamma event, 
piling-up with even a vestige of another pulse, would appear to be a 
rather longer rise time event and could be recorded as a neutron. 
Simons et al. (1977) attributed the worsening performance of their PSA 
with increased count rate to this effect.
The rest of this section is devoted to the evaluation of pile—up 
effects in the time-dependent spectrum measurement. Of the three 
steps involved, the first was to devise and check a simple theory of 
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time-dependent spectrum measurements were made, one accepting only 
gamma ray events from the PSA and the other accepting only neutrons. 
Finally, the additional counts appearing in the neutron pulse height 
spectra at different times after the beam pulse were calculated from 
the neutron and gamma ray spectra using the theory.
An acquaintance with the problem was gained by measuring the PSA 
performance as a function of pulse height for different gamma ray 
sources and different count rates. Pulses were routed by the PSA to 
either a 'gamma' or to a long rise time 'neutron' region in the pulse 
height analyser and the gamma ray spectrum divided, channel by channel, 
by the neutron spectrum, to generate the y/N ratios shown in 
Figure 3-21. At low count rates (300 Hz) the y/N ratio was practically 
independent of the spectrum shape, being the same for both the 
0.6616 MeV gamma ray from 137Cs and 1.836 MeV gamma ray from 88Y.
This is what would be expected if the major effects leading to the 
counts in the 'neutron' spectrum were noise and the inevitable long 
rise time events which low energy Compton scattered electrons produce, 
with increasing frequency, as their energy is reduced.
However, when the count rate was increased to 3 kHz the y/N ratio 
became strongly dependent on the spectrum shape, decreasing sharply 
where the spectrum slope was most negative (Figure 3-21). This was 
consistent with the hypothesis that pile-up resulting from the higher 
count rate led to long rise time pulses whose amplitude was the sum of 
two smaller pulses. Where the spectrum slope is negative, the count 
rate of the two smaller pulses is higher than the count rate at the 
pulse height of their sum, leading to a relatively high proportion of 
long rise time or 'neutron' events at the large pulse height.
The simple theory put forward to account for the effect of pile-up 
on pulse shape analysis of gamma ray spectra was based on the assump-
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tion that every pile-up event produces a long rise time 'neutron' 
pulse. Calculation of pile-up events was effected using the equation:
J/2 r n  m
PU(J) = l P • — - • G(K) , o o. (3.9)
K=1 ° 2
where PU(J) = number of pile-up events in channel J,
G(J) = pulse height spectrum (e.g. Figure 3-22).
An estimate of G is needed down to one 
tenth of the threshold pulse height.
Q = total count above the threshold. C ,th
used for count rate measurement, and 
= probability of a coincident event above C ^ .
If it were desired to correct the spectrum G(J) to what it would 
have been without pile-up, PU(J) should be subtracted from G(J) and 
the result multiplied by l+2Pc , since 2Pc is the fraction involved in 
the pile-up and is lost uniformly over the spectrum.
The accuracy of equation (3.9) is limited by the need for P^ to 
be small, by the assumption that P c is independent of pulse height 
(that is, pulse widths which determine the probability of overlap, do 
not vary with pulse height) and by the accuracy of estimation of the 
spectrum at very low pulse heights. The first two assumptions are 
eminently reasonable in the present work, since P c was typically 1% 
and the pulses for analysis were from a delay line amplifier which 
provided almost rectangular, 1 ys wide pulses at all amplitudes. The 
estimation of the spectrum at low amplitudes was based on an exponen­
tial extrapolation. In view of the subsequent paragraphs, it would 
have been better from an academic point of view, to have measured 
these low pulse height spectra directly, to help understanding of 
a small discrepancy between the experiment and the theory. However, 
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Pile-up, PU, was calculated for the spectrum G in Figure 3-22,
obtained with the ^ 7Cs source at 3 kHz above threshold of 0.1 MeV.
The curve, D, on Figure 3-22 is the difference, D(J), between the
number of long rise time events recorded by the PSA and the calculated
pile-up, PU(J), all divided by the spectrum, G(J). P was chosen toc
minimise D(J) for J = 60 (0.5 MeVe) . Working back from this value of 
P , the coincidence overlap time was 1.1 ys, which was pleasingly 
close to the pulse width produced by the 1 ys single delay line 
amplifier. The vanishingly small value of D above 0 o3 MeVe confirms 
the accuracy of equation (3.6) above this energy.
It remains to explain the increasing discrepancy below 0.3 MeVe. 
Part of it is due to the genuine long rise time events produced by 
noise and gamma rays. Basing an estimate of this on the low count 
rate curves in Figure 3-21 at 0.1 MeVe, 0.007 of the fractional 
difference of 0.012 can be accounted for by genuine long rise time 
events. The remaining 0.005, or 0.5%, is attributed without proof 
to inadequate extrapolation to zero energy.
Having established a theory adequate for pile-up and long rise 
time event calculations when 1 gammas' alone were detected, time- 
dependent pulse height spectra were measured for a mixed gamma ray and 
neutron source. The experimental system was exactly the same as that 
described in Chapter 6, the only difference in operating conditions 
being the use of 5 ns rather than 3 ns FWHM accelerator beam pulses 
during these these pile-up test measurements.
Calculation of the error at each point of each neutron pulse 
height spectrum involved summing the contributions from pile-up of 
neutrons with gamma rays or neutrons, or gamma rays with gamma rays, 
and from genuine long rise time events from gamma rays. The pile-up 
probability for each case, P , was chosen on the assumption that the
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count rate was 10 kHz. Another consideration relating to P was thec
1 ys shaping delay of the linear amplifier. This 1 ys was so much 
longer than the 0.1 ys during which events from any given beam pulse 
would be counted, that the occurrence of two or more counts from a 
given beam pulse constituted pile-up. Ideally, the spectra from a 
measurement at a low count rate should be used to estimate what the 
pile-up would be at the high count rate. In the present case, the 
pile-up was calculated using spectra measured at a high count rate, 
but since the pile-up proved to be only a few per cent, the error 
from assuming pile-up free data was negligible.
The calculations for pile-up in the time-dependent spectra were 
complicated compared with those for the single gamma ray spectrum by 
the fact that there were close temporal relationships between all the 
spectra. Each linear pulse was accompanied by a timing pulse. The 
nanosecond timing resolution of the fast timing equipment meant that 
each pile-up event was accompanied by two timing pulses, unless one 
of the pulses was too small to trigger the timing discriminator.
When there were two timing pulses, the event was stored in the spectrum 
corresponding to the earlier time because the TAC which can process 
only one event each cycle, responded only to the first pulse.
The time relation of events also raised the question: how far 
apart do two gamma ray pulses have to be before the PSA records them 
as a neutron? Since gamma-gamma pile-up events constituted only 
about one quarter of the total number of pile-up events, this question 
was of academic rather than practical interest and was left unresolved. 
All gamma-gamma pile-up events were assumed to produce a long rise 
time 'neutron* event. The calculated pile-up was therefore slightly 
overestimated.
A typical result of a pile-up and long rise time event calcula-
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tion is shown in Figure 3-23, in which the percentage of pile-up 
events is shown as a function of pulse height for the neutron pulse 
height spectrum recorded 11 ns after the beam pulse. Pile-up will 
affect the energy spectrum analysis of the data only to the extent 
that it varies over the pulse height spectrum. A uniform error would 
result in a change in scale factor of the unfolded energy spectrum, 
but no change in its shape. Two further parameters are therefore of 
interest - the difference between the maximum and minimum number of 
pile-up events over the spectrum, giving an indication of pulse 
height spectrum distortion, and the percentage pile-up averaged over 
the pulse height spectrum, giving the scale factor by which the 
spectrum should be corrected to give the right relationship between 
pulse height spectra measured at different times. Figure 3-24 shows 
these two parameters for the time windows from 1 to 77 ns after the 
beam pulse. If the percentage of pile-up seems large considering the 
maximum 1% shadowing correction, it should be borne in mind that the 
neutron pulse height spectrum gains pulses from the gamma ray spectrum 
and from below threshold events.
From the data presented in this section it may be concluded that 
the errors from pulse pile—up and long rise time gamma ray pulses 
would amount to a few per cent in the time—dependent spectrum measure­
ment if the count rate were 10 kHz and no corrections were made. A 
further point which emerges is that it would be possible to improve 
considerably the pulse shape analyser performance by including a pile- 
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4. SPECTRUM UNFOLDING PROGRAMS
4.1 Introduction
The major part of the experimental analysis was carried out using 
a suite of three computer codes. The first code, AND, processed mono­
energetic neutron responses or experimental data into a standard form 
for the second code, UNF, which unfolded pulse height spectra to yield 
energy spectra or regenerated pulse height spectra from given energy 
spectra, putting its output onto a disc data set. The final code,
DPRO, presented the analysed data in the desired form and generated 
comparisons with selected data.
It was clear from the start that these codes would have to be 
versatile, making it easy to use different data, or carry out process­
ing operations in various orders according to the changing require­
ments during development of the experimental system. A common feature 
of the codes was, therefore, the structure based on free input and key­
word program control using the SKAN routine by Pollard (1978). The 
basic structure of the three spectrum unfolding codes comprises program 
segments which can be made to execute by including the appropriate key­
word in the data stream. This is illustrated in Table 4-1.
In the following sections, each of the codes will be described in 
turn, the basic functions of the program segments being presented in 
Tables 4-2, 4-3 and 4-4. The performance of the unfolding code is 
discussed in Chapter 5.
4.2 Data Preparation for the Unfolding Code
The task of AND was to take all the relevant data from pulse 
height spectrum measurements and assemble them into the desired form 
£027 the unfolding code. The main functions of the code are summarised 
in Table 4-2. The pulse height spectra which were to be unfolded, 








Read standard data file and match 
raw data spectrum so that channel 1=0, 
channel 512-standard pulse 
height (MeVe). Normalise response 
to make the sum above the standard 
threshold equal to the detector 
efficiency at the given neutron energy. 
Store adjusted data in standard data 
file maintaining increasing order of 
neutron energy for monoenergetic 
neutron responses or increasing time 
for experimental data.
SETUP 3 Initialise standard data set
PLOT 4 XPLOT
(Trimble 1978)
Plot data blocks specified by IB(J) 
array from standard data file.
PRINT 5 Print data specified as above.
DELETE 6 Delete block IB(*) from file.
ADD 7 ADDO Add experimental data or average 
responses from standard data file 
blocks IB(1) and IB(1)+1 and then 
delete block IB(1)+1.
READEX 8 REX Read raw data. (Different format 
to READ).
DUMP 9991 Print variables named after DUMP 
until ENDUMP is encountered.
BACKSUB 10 BACHUS Subtract from raw data the back­
ground estimated by matching counts 
above NLB for a selected higher 
energy data block.
FIT 11 PFIT etc. Fit data on each of standard response 
file blocks I B (J) to function defined 
in PFIT and generate a response. Up­
date the generated response file. An 
option was included to permit generat­
ing responses from parameters supplied 
on cards. A separate flow chart is 
provided for the fitting procedure.
TABLE 4-2
SUMMARY OF THE FUNCTIONS OF PROGRAM SEGMENTS OF THE CODE 'AND'
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to the standard pulse height (3.5 MeVe in the case of the experiments 
described in Chapter 6). This re-forming of the spectra saved the 
trouble of adjusting the amplifier gain to achieve a particular pulse 
height analyser calibration for every experiment. If two data blocks 
were repeated measurements of the same spectrum, AND was also used to 
compare them for compatibility and to add them.
Preparing the monoenergetic neutron response sets was somewhat 
more involved. For a start, the efficiency was measured separately 
from the responses. Therefore, the response at each energy had to be 
scaled so that its integral above the efficiency measurement threshold 
equalled the efficiency at that energy. Next, in the case of responses 
measured by the time of flight technique, there was the problem of 
correcting for the contribution of high energy scattered neutrons to 
low energy neutron responses (see Appendix B ) .
The last function of AND which cannot be covered adequately in 
Table 4-2 was the fitting of the parameters of equation (304) to the 
experimental responses using an iterative conjugate gradient fitting 
code, VA06A (Powell 1970). Such codes are rather temperamental, requir­
ing some care to obtain optimum operation when fitting fairly complex 
functions such as equation (3.4). The important features of data 
presentation to VA06A to ensure optimum operation, were the provision 
of guesses very close to the final values of the parameters and the
scaling of the variables in the function to make the parameters unity
at the start and each 50 or so iterations. Finding close guesses was 
an empirical exercise. For example, the proton response parameter, Q, 
was approximately the pulse height half way down the high pulse height
edge of the spectrum. This provided a basis for calculating an initial
value for Q. Similar rules were found to permit AND to calculate 





NEWMAT 1 UNSMU Select type of smoothing to be applied
OLDMAT 2 LINSMU
LOGSMU
to directly measured monoenergetic 
neutron response functions and replace
MONLOG 
MONSMU
response matrix, if necessary.
RESTART 3 Continue unfolding from point where 
analysis stopped for another NITER 
iteration.
STORE 4 Put analysed data onto disc file.
WRITE 5 DATA
SOL
Print pulse height or energy spectra.
PLOT 6 DATA
SOL
Plot pulse height or energy spectra.
UNFOLD 7 Unfold data for NITER iterations, 
generate pulse height spectrum from 
given energy spectrum, or generate 
monoenergetic response at given 
energy, according to the parameter 
NCODE.
HILOAD 10 Load high energy spectrum to permit 
unfolding low energy spectrum in the 
presence of high energy flux.
TABLE 4-3
SUMMARY OF THE FUNCTIONS OF PROGRAM SEGMENTS OF THE CODE UNF
F i g u r e  4 - 1  F lo w  c h a r t  o f  m o n o e n e r g e t i c
n e u t r o n  r e s p o n s e  f i t t i n g  r o u t i n e
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procedure is given in Figure 4-1.
4.3 The Unfolding Code
UNF was the means by which experimental data and the wishes of 
the experimenter were conveyed to the large array of subroutines 
controlled by subroutine.UNFSWX, written by Lang et al. (1979). Basic 
operations of UNF are summarised in Table 4-3.
In preparation for unfolding, a basic set of monoenergetic 
responses was read into a data file and smoothed in various ways. An 
energy mesh was then selected, the type of smoothing, if any, 
selected and a response matrix generated by interpolation, one response 
for each energy of the neutron energy mesh. All that remained to be 
done was to specify how many iterations were required to obtain the 
optimum solution. Too few iterations resulted in gross errors, while 
too many iterations led to oscillations in the solution.
A useful feature of the UNFSWX routines was that they could be 
used to generate a pulse height spectrum from a given energy spectrum. 
The value of this has already been seen in section 3.6, wh@re it was 
possible to check that a given set of monoenergetic neutron responses 
was consistent with a pulse height spectrum measured using a known 
energy spectrum. Another use for this feature of the code was the 
generation of test data. If a pulse height spectrum of a single 
energy, or a pair of energies, was generated using the response matrix, 
then it was known that there was a solution to the problem of unfold­
ing that pulse height spectrum. It was therefore possible to check 
the self-consistency of the unfolding process. Two such tests are 
presented in Chapter 5.
4.4 The Code for Data Presentation and Comparison
DPRO was a relatively small, fast code using a few seconds of 






WRITE 1 SOL Print energy spectra stored in disc 
file blocks, I B (J) , their errors and 
percentage errors.
WRITE 1 SOLCOMP SQUASH
SOLCHI
As above, with energy group bound­
aries specified by the EBOUND array. 
X2/N values from alternate blocks 
produced as from NORMO.
WRITE 1 DATA Print pulse height spectrum (SWXDAT) 
difference from spectrum reconstruc­
ted by UNF (RECONS) and relative 
error.
NORMO If INORM=l, minimise x2 from SWXDAT 






SOL LINE Plot energy spectra from blocks IB(J) 
scaled so that Y(max.)=10, or by 
factor FNORM for experimental data 
and FNORM*FCAL for calculated spectra.
SOLR As above with curves Y+error and 
Y-error.
SOLCOMP SQUASH As above (SOLR); alternate curves 
matched to previous curve between 
channels IB(1) to I B (2).
DATA LINE
NORMO
Plot experimental and reconstructed 
pulse height spectra from blocks ’ 
I B (J ) . Scale so that m a x .SWXDAT=10, 
RECONS scaled to minimise x2/N as in 
WRITE DATA.
CHI As above, but plot
(SWXDAT(J)-RECONS(J))/ERROR(J).
DIFF As above, but plot percentage 
difference.






Store data from cards on disc file 
in standard format.
TABLE 4-4
SUMMARY OF THE FUNCTIONS OF PROGRAM SEGMENTS
OF THE CODE DPRO
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Energy Commission computer of 1 to about 15 minutes. As may be 
gathered from Table 4-4, processed data from UNF could be written, 
plotted or compared with previous UNF runs in numerous ways. It was 
therefore possible to evaluate quickly any improvements during the 
development of the unfolding code, or to assess different ways of 
presenting analysed energy spectra or calculated spectra.
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5. PERFORMANCE AND DISCUSSION OF THE UNFOLDING CODE 
5.1 Introduction
The problem of unfolding pulse height spectra from organic 
scintillators has been discussed exhaustively in the literature. 
Despite the large number of publications on the topic, an overwhelming 
majority of unfolding methods can be divided into two classes - the 
differentiation method and the FERDOR method. The former, first 
developed by Broek et al. (1960), has been widely employed, for 
example, by Liou et al. (1970) and Pieroni (1974). Slaughter et al. 
(1976) have adapted the method for use with micro-computers. The 
simplicity and speed of the calculation gained by using the differen­
tiation method are gained at the expense of accuracy. There are 
mathematical problems associated with the differentiation process 
itself, but the main problem is the assumption that the monoenergetic 
neutron responses of the detector are rectangular, or can be made so 
by multiplication by a simple function. Thus, in laboratories well 
equipped with computers and manpower, the second class of unfolding 
codes is used. FERDOR, developed by Burrus et a l . (1969), attempts
to solve the unfolding problem exactly by minimising the difference 
between the experimental pulse height spectrum and a pulse height 
spectrum generated by folding the trial solution energy spectrum with 
an accurate monoenergetic neutron response matrix. This method of 
Burrus et al. (1968), and also the code, FERDOR, have become widely 
used (Simons et al. (1977), Straker et al. (1971), Pieroni (1974), 
Bogart et al. (1974)). Johnson et al. (1977) have developed an 
improved version of FERDOR, FORIST, in which the spacing of the 
energy spectrum mesh can be varied along the spectrum to optimise 
both statistical errors and resolution.
For the present work, the differentiation techniques appeared
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inadequate, leaving the options of importing and adapting FERDOR, or 
of collaborating with Lang in adapting the code he developed for gas 
filled proton recoil counters (Lang 1976), to unfolding spectra from 
the scintillator probe. In view of the intractibility of unfolding 
codes, which tend to work with one set of data and not with another, 
it was considered best to employ the local expertise.
In section 5.2, the development of the code UNFSWX will be traced, 
concentrating on assessment of performance rather than the manner in 
which that performance was achieved, since the latter is the work of 
another (Lang et a l . 1979). Once the code was considered to perform 
adequately on the test data, it was of interest to carry out some 
tests to compare its performance with other codes. These tests are 
described in section 5.3.
5.2 Development of UNFSWX
The first stage of analysis of pulse height spectra is to estab­
lish a monoenergetic neutron response matrix with a mesh appropriate 
to the problem. In the present case, the basic responses had been 
measured directly and were far too widely spaced to provide an 
appropriate mesh. Thus a routine was written to interpolate between 
measured responses. As a test, a response to 4 MeV neutrons was 
calculated by interpolation of measurements at 3 and 5 MeV. The 
result was in excellent agreement with a measured response at 4 MeV.
In an attempt to ameliorate the possible effects of statistical 
errors when raw experimental responses were used, various types of 
smoothing were applied before interpolation. Upon testing with the 
unfolding part of the code, the smoothing proved to be of little 
benefit. It appeared, in fact, that statistical errors had the effect 
of damping out oscillations which tended to arise in the unfolding
process.
NEUTRON ENERGY ( M e V )
(b) UNFOLDING Be(d,n) SPECTRUM
(c) COMPARISON OF ORIGINAL AND RECONSTRUCTED 
PULSE HEIGHT SPECTRA
FIGURE: 5-1 PERFORMANCE OF 'UNFSWX'AT AN EARLY
STAGE OF DEVELOPMENT
(a) BE (d,n) SPECTRUM MEASURED BY T.O.F.
AND UNFOLDED USING UNPROCESSED ( A ) AND OPTIMISED ( C ) 
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The major part of the analysis was, of course, the unfolding 
itself. When the code was first ready to be tested, it performed 
reasonably well when unfolding monoenergetic responses (Figure 5-la), 
but failed rather badly to arrive at a satisfactory solution when 
presented with a pulse height spectrum from neutrons generated by 
deuterons bombarding a thick beryllium target. The known and the 
unfolded energy spectra from this source are shown in Figure 5-Ib, 
while Figure 5-lc gives the difference between the input data and 
the reconstruction, divided by the error (subsequently called point 
X values). Development of this sort of code is never complete and 
the curves in Figure 5-2 represent the performance at the time the 
code was used to analyse the data from the present experiment 
(Chapter 6). A further modification proposed, apart from cleaning up 
some of the oscillations in x, was the extension of the dynamic range 
or reduction of computer time by converting the pulse height scale 
from linear to logarithmic. After all, the detector resolution above 
about 1 MeVe is a constant percentage of the pulse height and thus 
the scale required to adequately record the detector response without 
redundance is inherently logarithmic. A 512 channel spectrum from 
the scintillator probe could be represented in 100 channels on a 
logarithmic scale. But returning to Figure 5— 2, there are three main 
points to be noted, apart from the obvious improvement compared with 
the results in Figure 5-1. The first is that the code has difficulty 
handling steps such as that at 1.4 MeV, but the linearity of the 
system and the solution averaged over large energy intervals (say 0.5 
to 1.0 MeV) is quite good. Secondly, the point x values provide a 
guide as to whether the value of the spectrum in any range is to be 
trusted. From knowledge of the monoenergetic neutron responses one 
could tell, for example, that the solution at 1.4 MeV would be suspect
FIGURE: 5 -3  UNFOLDING MONOENERGETIC NEUTRON 
RESPONSES WITH DIFFERENT CODES
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because of the rapid change in the point x values at pulse heights of 
0.4 MeVe. On the other hand, one could also claim that the energy 
spectrum average over the range 1.0 to 1.6 MeV would be accurate, 
because the average value of the point x values from the pulse height 
spectra was small over the range 0.25 to 0.52 MeVe. The basis of this 
claim lies not so much in mathematical rigour as in experience from 
testing the monoenergetic response set (section 3.6).
The third and final point to be made from Figure 5-2 is that the 
intrinsic resolution of the code almost swamps the detector resolution. 
As a result, the careful optimisation of the resolution of the 
responses to obtain the final response set had only a marginal effect 
on the unfolded spectrum. However, as the code is improved, no doubt 
the value of the optimised response set will prove more evident.
5.3 Comparison of UNFSWX With Other Codes
There are two acid tests of an unfolding code which are indepen­
dent of experimental data and which are only slightly dependent on 
the particular response matrix used. The first is to unfold a mono­
energetic response and the second to unfold a summed pair of responses 
separated in energy by a small amount. The first test has been 
applied to the differentiation method (Pieroni 1974), FERDOR (Burrus 
et al. 1968) and UNFSWX. Typical results of unfolding the responses 
in each case are shown in Figure 5-3 which indicates the resolutions 
as FWHM x 100/energy (FWHM %).
TRADI, which uses the differentiation method, is about 50% worse 
than the worst of the other two on both counts of resolution and 
magnitude of the oscillations and demonstrates the extent of the 
trade-off for simplicity against these two features. FERDOR achieves 
an excellent suppression of oscillations (amplitude 5%), but at the 

























( a ) ' S L O P '
(b) 'UNFSW X'
FIGURE : 5 -4  UNFOLDING THE SUM OF TWO 
MONOENERGETIC NEUTRON RESPONSES
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resolution of 8 FWHM %, UNFSWX must be considered of comparable 
quality to FERDOR. If some more attention were paid to the tendency 
of UNFSWX to inject neutrons at high energy, this code may perhaps 
emerge slightly superior in performance in this test.
The second test, to. unfold the sum of two monoenergetic responses, 
was made on UNFSWX and compared with a similar test reported by 
Beghian et al. (1965) who used the code SLOP, a predecessor of FERDOR. 
The results of the test are shown in Figure 5-4. As in the previous 
test, the performance of UNFSWX, with resolution 15 FWHM % average for 
the two peaks and oscillations of 12%, was comparable with that of its 
competitor, with 14 FWHM % and oscillations of 10%a
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6. MEASUREMENT OF TIME-DEPENDENT NEUTRON ENERGY SPECTRA 
6.1 Introduction
This chapter describes the experimental procedures involved in 
the measurement of neutron energy spectra at times ranging from 0.9 
to 82 ns after injection of a pulse of neutrons into the uranium 
assembly. Details of the time and energy ranges and accuracy are 
given along with the results in Chapter 7.
The scintillator probe, its sensitive volume inside the assembly 
(Figure 2-1), provided linear output signals from which the incident 
neutron energy could be determined, and timing signals which were 
used by the on-line computer to store the linear signals in pulse 
height spectra, appropriate to the time at which the detector event 
occurred with relation to the accelerator beam pulse.
The experiment was conducted with a continuous monitoring of what 
were considered the most important and unstable parameters. The 
linear amplifier system gain was measured by using a test pulser.
Any changes of beam pulse shape or beam time pick-off were accounted 
for by measuring the integrated beam pulse time profile throughout 
the experiment, using the gamma ray monitor detector viewing the 
target (Figure 2-1). Drifts of the timing system were monitored by 
measuring both the beam pulse time profile and the neutron detector 
time spectrum with the same time-to-amplitude converter (TAC), plus 
pulse height analyser (PHA) system. Where it was impractical or 
unnecessary to provide continuous monitoring, calibrations were 
performed at appropriate intervals.
The basic functions of the electronics and calibration procedures 
are described in sections 6.2 and 6.3. Following that, section 6.4, 
is a brief outline of the data collection system which was based on 
a PDP-15 on-line computer. Finally, section 6.5, the measurement of
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FIGURE: 6 -1  SCHEMATIC DIAGRAM OF THE TIME DEPENDENT NEUTRON ENERGY SPECTRUM MEASUREMENT SYSTEM
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the time-dependent spectra in the uranium stack is described and 
various errors evaluated.
6.2 The Electronic System
The two basic functions required of the electronics were to 
amplify and shape the linear pulse from the scintillator probe for 
analysis by the computer and to provide a timing signal with each 
pulse. Thus each event could be stored in a different pulse height 
spectrum by the computer memory, according to the time of the event 
in relation to the accelerator beam pulse. Additional circuits were 
required to veto gamma ray events and to perform basic calibrations. 
Still more circuits were necessary to monitor the instability of all 
the other devices. The final system to carry out all these functions 
is represented schematically in Figure 6-1. To assist in understand­
ing Figure 6-1, linear signals, which are important because of their 
height, are drawn as thick, solid lines; timing signals, whose sharp, 
rising, leading edges define the times of events, are drawn as dotted 
lines; and logic signals, which open or close gates for the other 
signals, are drawn as thin, solid lines.
The electronic processing of the linear signal from the detector 
(scintillator probe) was conventional, with the signal passing into 
an integrating preamplifier, then a delay line shaping amplifier to 
generate square pulses suitable for pulse height analysis and pulse 
shape discrimination. Before entering the computer, these pulses 
passed through a linear gate, which was enabled when two conditions
were met:
1. The pulse was from a neutron (or gamma ray).
2. There was a valid timing pulse from the TAC, 
as determined by the 1DISC+DGG' unit just to 
the right of the coincidence unit 'C'.
61
The decision to monitor the linear system gain continuously 
caused some circuit complexity because, in order to be passed through 
the linear signal gate, the precision pulse generator (PPG) linear 
pulse had to satisfy conditions (1) and (2) above. In other words, 
this pulse had to be accompanied by a 'neutron' logic signal and a 
signal masquerading as a timing event so that the computer would be 
able to put the linear pulse in a pulse height spectrum corresponding 
to some window in the time spectrum. The PPG pulse had a short rise 
time and so produced no 'neutron' logic pulse from the PSA. To provide 
a 'neutron' pulse, a trigger signal from the PPG was diverted to the 
coincidence unit, C, which was operated as a twofold coincidence (that 
is, a coincidence on any two of its inputs would result in an output) . 
The quasi-timing event was generated by feeding the PPG trigger signal 
into a summing amplifier, SA, whose function was really that of a 
linear OR gate, letting through either pulses from the TAC or pulses 
attenuated by a factor 'f' from the PPG trigger output. Overlap of 
TAC and PPG pulses, resulting in an actual summation of pulses, was 
too infrequent to be of concern.
The timing discriminator below the detector photomultiplier base 
(Figure 6-1) suffered from the usual ailment of fast timing triggers - 
it did not have a sharply defined, lowest pulse height at which it 
would trigger. It was necessary, therefore, to set the trigger level 
very low in order to guarantee that it triggered reliably for the 
lowest linear pulses of interest. Then, to avoid excessive numbers of 
unwanted signals at the TAC, the trigger signals were gated by a 
discriminator with good pulse height resolution, on the linear signal.
After this, the trigger signals passed more or less directly to 
the TAC start input. It is common practice to use the detector to 
start the TAC in such systems, because of the 4 ys dead time of the
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TAC after each start pulse. With a beam pulse rate of 500 kHz, the 
TAC would be 'dead' for 2 beam pulses out of 3 if the beam pulse 
trigger signal were used as a start pulse. It will be noted that 
there is a branch in the detector timing signal path which leads to 
a gate generator, GG, a delay, CD, and an AND gate in the timing line 
from the beam pulse pick-off. The function of this branch is to permit 
TAC stop pulses through only when they occur during the period of the 
gate signal. This limits recording of detector events to those which 
appear in the upper part of the time spectrum (see sketch near 'PDP-15 
computer'). The various delays around the circuit are adjusted so 
that the desired part of the time spectrum is recorded.
A very similar system of logic feeds timing information from the 
beam pulse monitor into the lower part of the time spectrum. By this 
means, the detector and monitor share timing analysis equipment, which 
reduces the calibration problems and experimental operational complex­
ity associated with operating two independent systems.
6.3 Calibrations
Seven calibrations were required for day to day operation of the 
experiment. Three of these: monitoring amplifier gain, measuring the 
beam pulse time profile (section 6.2) and setting the PSA ratio to 98% 
rejection of the 137Cs gamma ray source (section 3.5) have already 
been discussed. The fourth was establishing the pulse height scale 
in MeVe. This was done by adjusting the precision pulse generator to 
the half height of the Compton edge of the 137Cs reference; the half 
height was at 0.4964 MeVe = Compton edge energy x 1.04 (Flynn et al. 
1964) . By setting the pulser to other settings, the linearity and 
channel corresponding to zero amplitude were determined.
The remaining three calibrations concern timing. It was important 
to know not only the timing of one part of the detector time spectrum
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with respect to another, the 'relative' timing, but also the timing 
of each detector pulse with respect to the time at which the neutron 
entered the uranium assembly, or 'absolute' timing. The absolute 
timing of the detector time scale was established by placing the 
detector to view the target directly and setting it to count gamma 
rays. The detector time spectrum then represented the accelerator 
beam pulse shape, so that the total time spectrum comprised two beam 
pulse profiles, one from the monitor and one from the detector. After 
correction for the gamma ray flight time, the relationship between the 
monitor peak and the absolute timing of the detector spectrum was 
known. Then, when the time spectra were measured with the detector 
inside the stack, the absolute timing of the detector spectrum could 
be determined from the monitor time spectrum.
The next timing calibration consisted of monitoring the number of 
channels between the gamma peak of the monitor and the half height of 
the leading edge of the detector neutron time spectrum from run to run. 
This provided a check on the accuracy of the absolute timing and is 
discussed more fully in section 6.5.
Finally, the time scale of the time spectrum had to be measured.
A digital delay with 100 ns increments obtained from a 10 MHz crystal 
was used for this, by making measurements of the number of channels 
between, say, 10 and 110 ns, 50 and 150 ns, and so on over the time 
span of about 200 ns. The mean of the number of channels in the 100 ns 
time interval was used as the calibration of the time scale „ Devia­
tions from the mean were used as an index of non-linearity. A delay 
with shorter increments would have been desirable, but the cable 
delay unit available introduced changes in rise time of the delayed 
signal with different delay settings, causing timing errors of the 
order of one nanosecond.
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6 .4 The Experimental Data Collection System
The PDP-15 computer was equipped with a CAMAC crate incorporating 
scalers and three analogue to digital converters, with a machine 
language dual parameter program DIGWIN-W and with a FOCAL (D.E.C., 1969) 
higher level language to control CAMAC and input/output functions. A 
FOCAL program was written to facilitate operation of the experiment. 
Apart from writing messages about the state of the experiment at preset 
counts, the program made it possible to work in units of nanoseconds 
for timing and MeVe for pulse heights. Thus digital windows and timing 
walk were entered in nanosecond units using a conversational style of 
programming which minimised operator errors.
6.5 The Time-Dependent Neutron Energy Spectrum Measurement
The experiment to determine time-dependent pulse height spectra 
was run over a four day period during which six nominally identical 
sets of data were accumulated. Every calibration varied throughout 
this period. The present discussion will proceed from the easier to 
the more difficult aspects of these variations. At the end of this 
section, the standardisation and summing of the data will be discussed.
A summary of the physically important data for the summed spectra is 
given in the next chapter, Table 7-1.
Changes in the pulse height scale were insignificant during any 
one run (^0.3%) and of no significance between runs because of the 
subsequent standardisation. Nor was there any problem with the pulse 
shape analyser, no adjustments being required during the four days.
Stability of the accelerator was more of a problem, the pulse 
width gradually increasing from 2.4 to 5.0 ns FWHM, while the count 
rate fluctuated between 2 kHz and 11 kHz, with an average of about 
8 kHz. The pulse width variations were more of a nuisance than a 
source of error, because the continuous monitoring of the beam pulse
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kept track of any timing shifts during the measurement. Sufficient 
reproducibility of timing was obtained by adjusting the timing of the 
time windows at the start of each run.
On the other hand, the count rate fluctuations prevented a mean­
ingful evaluation of pulse pile-up effects (section 3.8). The estimate 
of a few per cent increase in counts, varying over each pulse height 
spectrum (Figure 3-24) had to be taken as an upper limit and treated 
as an error. This emphasises the importance of pulse pile-up rejec­
tion in the data collection system. For the relatively smooth spectra 
in the uranium stack, with their fairly high proportion of low energy 
neutrons, errors in the pulse height spectra translate into similar 
errors in the unfolded energy spectrum.
The worst problem during the experiment was drifting of the TAC 
calibration which varied by up to ±0.7% from the mean of 0.0719 ns/ 
channel. While this represented only 0.5 ns over the 77 ns time range 
of the neutron spectrum measurement, it introduced a 1 ns error into 
the absolute timing determination, which was based on the relatiye 
position of time reference points 150 ns apart. An error of 1 ns in 
the timing of the first time window at about 3 ns after the beam pulse 
was unacceptable. Fortunately, a. Monte Carlo calculation (Rainbow 
et al. 1979) of the neutron energy spectra and time response of the 
experiment had been made showing, among other things, that the response 
of the detector in the uranium stack to an impulse neutron source at 
the target position is extremely fast. In fact, the count rate as a 
function of time reached its maximum within one 0.1 ns time channel, 
at a time after the beam pulse just equal to the flight time of the 
highest energy neutrons. Also, the time for the spectra to fall by 
a factor e 1 was about 20 ns. Therefore, over a time scale of one 
nanosecond or so, the stack effectively integrated the neutron input.
FIGURE : 6-2 TIME RESPONSE OF SCINTILLATOR DETECTOR IN 
URANIUM STACK CALCULATED BY MONTE  CARLO CODE
FIGURE : 6-3 TYPICAL BEAM PULSE TIME RESPONSES.
TIME W IN D O W  1 STARTS AT 8.9ns
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This meant that the leading edge of the calculated time response with 
the beam pulse timing folded in, was very close to the integral of 
the beam pulse. Thus one could determine the absolute timing of the 
experimental beam pulse from the neutron detector time response. To 
illustrate this, a calculation of the detector response was made for 
an impulse neutron source and a source with the time distribution of 
the experimental beam pulse. When the timing of the impulse was 
matched to the peak of the true beam pulse, the half height of the 
beam pulse broadened response was exactly at the leading edge of the 
impulse response (Figure 6-2).
The first step in the experimental analysis was to add all the 
data together. The pulse height spectra were first standardised to 
channel 1=0, channel 512=3.5 MeVe using the program AND (section 4.2), 
then added, doing a test which showed that all the data at times 
greater than ^20 ns after the beam pulse were consistent from one 
experimental run to the next, but at earlier times inconsistent. This 
was expected in view of the differences in the beam pulses from one 
run to the next. Figure 6-3 gives a representative sample of the beam 
pulse time profiles, plotted with time zero 8.9 ns before the start of 
the first time window. These adjusted beam pulse time profiles were 
added together to produce the profile which would have produced the 
summed time windowed pulse height spectra, had the accelerator produced 
that profile steadily for four days and the TAC not drifted.
The standardised summed pulse height spectra were analysed using 
UNF (Chapter 4) to produce time-dependent energy spectra. The results 
are discussed and the comparison with the Monte Carlo calculation is
made in the next chapter.
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7. RESULTS AND DISCUSSION
7.1 Introduction
When the present experiment was conceived, it was realised that 
integral neutronics experiments can be a valid test of microscopic 
cross section data only if the experiment is free from systematic 
errors. The aim of the present work was to establish an experimental 
system, as free as possible from systematic errors, to measure time- 
dependent neutron energy spectra in an assembly pulsed with fast 
neutrons. Having developed the experimental system, a measurement was 
to be carried out using a 238U assembly, thus providing experimental 
data from which 238U cross sections could be reassessed.
In the previous chapters, the development of the experimental 
equipment has been described. It has been established that the main 
systematic errors, from back scattered neutrons, gamma rays, timing 
walk and pulse pile—up, have been reduced to a point where they 
contribute only a few per cent of the 10% overall accuracy of the 
measurements. The experimental method by which the time—dependent 
neutron energy spectra were measured in a 238U assembly has been 
described.
In this chapter, the results of that experiment are presented, 
together with spectra calculated using a Monte Carlo code to simulate 
the experiment (section 7.2). Next (section 7.3), a most satisfying 
degree of experimental accuracy is demonstrated by the agreement with 
a fission spectrum of spectra measured at later times after the beam 
pulse. In section 7.4 the results are analysed by treating the 
scintillator probe as if it were a threshold detector. By comparing 
these results with results of experiments with fission detectors, 
some indication is obtained about energy regions m  which the 238U 
cross sections are. inaccurate. Finally, two alternative methods of








0.1 to 3.5 MeVe 
0.00685 MeVe/channel 
±0.4%
Neutron energies in the range 0 to 6.4 MeV from the ^Be(d,n) reaction in a thick Be target bombarded 
by 2.3 MeV deuterons (Whittlestone 1976).
Electronic System
Time spectrum channel width 0.072 ns. Beam pulse approximately Gaussian, width 3.0 ns FWHM. 
±0.1 ns after active walk correction
±0.7% .
Unfolded Neutron Energy Spectra
Neutron energy range 0.6 to 6.4 MeV
Resolution 20% based on results shown in Figure 5-4. Initial analysis in 0.1 MeV groups.
Energy spectrum accuracy 10% from pile-up effects and efficiency errors in addition to statistical errors and oscillations
arising from the unfolding process.
Time : Range 0.9 to 82 ns after the peak of the beam pulse.
Window No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
*Upper bound 2.9 4.9 6.8 9.0 11 13 15 17 22 27 32 37 42.2 52.2 62.2 72.2 82.2
*Average time 1.9 3.9 5.9 7.9 10 12 14 16 21 26 29.5 34.5 39.6 47.2 57.2 67.2 77.2
*Relative to peak of beam pulse, ns
TABLE 7-1
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FIGURE: 7 - 2  NEUTRON ENERGY SPECTRA IN URANIUM 
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analysing the data are discussed in section 7.5.
7.2 Results
Table 7-1 contains a specification of the time-dependent neutron 
energy spectrum measurement, including the overall accuracy, timing, 
amplitude and neutron energy resolutions and the time boundaries of 
the windows from which the neutron spectra were taken. It may be 
noted that the accuracy of the energy spectra is quoted as 10% plus 
statistical errors plus oscillations. These oscillations are an 
artifact of the unfolding process and represent local perturbations 
from the true solution. One way to mitigate the effects of oscilla­
tions in a spectrum with no fine structure is to regroup the spectrum 
into wider energy groups. The aim in selecting the new groups was to 
eliminate structure in the solution which was not credible while keep­
ing the groups as narrow as possible. Table 7-2 gives the new group 
boundaries from which it is evident that the new group widths are 4 to 
10 times wider than the original widths of 0.1 MeV. The original and 
regrouped neutron energy spectrum from the window at 12 ns are shown 
in Figure 7— la. It is believed that the amplitude of the oscillations 
has been reduced to less than the 10% systematic error on the spectra 
due to other factors. The Monte Carlo calculations (Rainbow et al. 
1979) for the 12 ns window is shown in Figure 7-lb, with its original 
groups and those defined in Table 7—2. Evidently there is no serious 
loss of information in the results from the broadening of the energy 
resolution. The benefit of improved statistical accuracy in the 
higher energy groups at later times far outweighs any loss in 
resolution from the broadened group structure.
Figures 7-2, 7-3 and 7-4 show the experimental neutron energy 
spectra compared with spectra calculated using the ENDF/B-IV uranium 
cross section set. The pairs of lines give the values plus and minus
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the statistical error. When the error is small, only one line is 
apparent. There are no calculated spectra for the time windows at
67.2 and 77.2 ns. All the spectra have been regrouped using the 
groups in Table 7-2. These results are tabulated in Appendix D.
For completeness, the raw experimental data are presented in Appendix E.
Details of the Monte Carlo calculation are given in Rainbow et al. 
(1979). Briefly, the detector geometry and materials were included 
explicitly. Fifty energy groups were used, spanning the range 10 keV 
to 10 MeV. Perturbations from the iron table on which the stack rested 
were proved to be negligible. The only significant systematic error 
in the calculation therefore arose from uncertainties in the uranium 
cross sections. The curves in Figures 7-2, 7-3 and 7-4 have been 
normalised by the factor which makes the experiment and theory match at 
2.75 MeV in the 21 ns time window. As a basis for discussion, a 
fission neutron spectrum is superimposed on the spectra at 16 ns.
7.3 Comparison with Calculation and Fission Spectrum
The objective of the project has been realised with the presenta­
tion of the results in the previous section. However, a few immediate 
comments on the comparison between theory and experiment are possible. 
The first impression from the results, Figures 7-2, 7-3 and 7-4, is 
that there is quite good agreement between experiment and theory,
cularly for times greater than sbout 12 ns. However, during 
the first 1.9 ns the calculation predicts too hard a spectrum. Then 
the calculated spectra change faster with time than the experimental 
spectra, and by 5.9 ns the calculated spectrum is softer than the 
experimental spectrum. The discrepancy between calculated and experi­
mental spectra then diminishes as time increases, giving good agree- . 
ment for times greater than 12 ns after the pulse.
To put these impressions on a more quantitative basis, the com­
parison was split into considerations of integral time response, which
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will be discussed in the next section, and of spectrum shape. The 
difference between the experimental and theoretical spectrum shapes
r\was expressed as the variance, x / ( N - l ) , minimised by scaling the 
theoretical spectra at each time. These variances are shown as a 
function of time in Figure 7-5. Allowance was made for the 10% 
error arising from errors in the efficiency and pile-up. The experi­
mental and theoretical energy spectra did not have the same shape at 
any time, although at time windows between 16 and 29.5 ns, the 
variances were very close to 2, the value for 5% probability of agree­
ment.
The next step was to look for agreement between parts of the 
spectra. It was clear from the calculation that a high proportion of 
the high energy counts at later times were due to fission neutrons.
It was decided, therefore, to determine what part of the high energy 
spectrum was due to neutrons from fission and to see the extent to 
which there was agreement in this between experiment and theory. The 
fission spectrum for was scaled to minimise the value of x from
comparison between the fission spectrum and the experimental Or the 
theoretical spectrum, above various energies. If the x2 probability 
integral was greater than 5%, the experimental or theoretical spectrum 
was considered to be the same as the fission spectrum. Figure 7-6 
shows the neutron energy above which the energy spectrum at each time 
was the same as the fission spectrum, for both experiment and theory. 
Evidently the experiment agrees with theory, not only in dominance 
by fission neutrons of the spectrum at higher energies, but also m  
the energy above which fission neutrons are dominant for each time
after the beam pulse.
Considerations such as these, together with group time responses, 

































FIGURE : 7 -7  THE RELATIVE EFFICIENCIES (a) AND TIME SPECTRA (b )  
OF THREE DETECTORS. NORMALISATION OF ALL CURVES ARBITRARY
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obtain better agreement between experiment and theory. On a more 
prosaic level, it was reassuring that the experiment agreed with the 
theory in the neutron energy ranges where the theory predicted a 
fission spectrum. Intuitively, it would seem that only unbelievable 
errors in the total scattering cross sections could distort a spec­
trum demonstrated by the calculation to be predominantly from fission. 
Thus agreement with the fission spectrum gave confidence in the 
accuracy of the regrouped energy spectra.
7.4 Comparison with Fission Detector Measurements
Concomitant with the measurement of time-dependent neutron energy 
spectra was the measurement of detector count rate as a function of 
time after the beam pulse. A measurement of similar time spectra in 
the same uranium stack with the same source, has been made by Rainbow 
(1979) using 237Np and 235U fission detectors. The relative 
efficiencies of the 235U, 237Np and NE213 detectors as a function of 
energy have thresholds at 0, 0.6 and 0.8 MeV, respectively (Figure 7.7a) . 
Since, 12 ns after the beam pulse, most of the neutrons have energies 
below 1 MeV (Figure 7-lb), the time rate of change of the detector 
count rate at times greater than this will be very sensitive to the 
238u cross sections in just the region where the detector efficiencies 
are most different. When the experiment and theory for the time 
responses of these detectors are compared (Figure 7-7b), the U 
decay rate prediction is too low, that for the 237Np about right and 
for NE213, too high. Thus, using a very crude two-group model, it 
would appear that the calculation for energies below 0.8 MeV gives 
too low a decay rate and conversely for energies above 0.8 MeV. The 
agreement with the 237Np detector, with its threshold at 0.6 MeV, 
would seem to be a consequence of the cancellation of two errors.
Thus it would be interesting to push the energy threhold of the NE213
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spectrometer down as far as possible to investigate problems with the 
cross sections in the sub-MeV range.
7.5 Alternative Methods of Data Analysis
In the previous section (7.4), it was evident that the NE213 
detector could be treated as a threshold detector by simply using the 
time-dependence of the integrated count above the pulse height thres­
hold. Comparison with theory was effected by carrying the computation 
beyond calculation of time-dependent energy spectra to calculation of 
time-dependent detector count rates. This suggested an alternative 
way to analyse the time-dependent pulse height spectra. A series of 
time-dependent detector count rates with successively higher neutron 
detection thresholds could be obtained by integrating the pulse height 
spectra above successively higher pulse heights. From the mono— 
energetic neutron responses the detector efficiency could be calculated 
for each threshold. Thus, the present experiment could be analysed as 
j_£ were carried out by a whole series of threshold detectors. Such 
an analysis would be a very much better guide to adjustment of cross 
sections than measurements using just one or two threshold detectors.
Another way to compare the experimental data with the theory would 
be to use the energy to pulse height spectrum conversion subroutine of 
the code UNF to generate pulse height spectra from the calculated 
energy spectra. The experimental analysis would be limited to inter­
comparing and adding together separate experimental runs.
Both of these alternative methods of analysis have the advantage 
that they avoid the substantial difficulties associated with unfolding 
the pulse height spectra. The accuracy of the data before unfolding 
is much better defined, and the significance of fine structure in the 
spectra less ambiguous. This must be weighed against the comparison 
with theory being carried out with sets of numbers whose relationship
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with the neutron energies, and hence energies of the cross sections to 
be assessed, is not easily appreciated intuitively. Just which of the 
analysis methods is best cannot be decided without carrying out the 
acid test of actually adjusting some cross sections.
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8. CONCLUSIONS
A set of time-dependent neutron energy spectra in a pulsed uranium 
assembly has been measured with sufficient accuracy to prove that there 
are significant discrepancies from a Monte Carlo calculation. This 
calculation, which used one of the best available cross section sets, 
took into account the detailed geometry and neutron cross sections of 
all the components of the assembly, including the table on which the 
assembly sat, the detector and the beam flight tube. It is reasonable 
to assume that the discrepancies between the calculated and experi­
mental spectra are due to uncertainties in the 238U cross sections.
The present experiment provides a basis for correction of these cross 
sections. Therefore, the primary objective of the project has been 
achieved. Current indications (Corcuero 1975, Bluhm et al. 1974) are 
that the source of discrepancies is inaccurate inelastic cross section 
data for 23^u.
Moreover, the original concept of the experiment has been vindi­
cated. Both the choice of the detector position and the decision to 
carry out a dual parameter experiment measuring neutron energy spectra 
as a function of time, have made it possible to gain valuable insight 
into the behaviour of the neutrons in the assembly. By placing the 
detector inside the stack, perturbation by scattering from external 
structural materials was virtually eliminated. Also, the Monte Carlo 
calculation was much more efficient for a detector inside the 
assembly, because the flux was higher and because the detector could 
be modelled by a cylindrical shell around the beam axis rather than 
by a small sector of such a cylinder at the real detector position 
(Rainbow et al. 1979). But most importantly, it was possible to 
observe experimentally the extremely rapid softening of the neutron 
energy spectrum from a predominantly 5 MeV spectrum 1.9 ns after the
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beam pulse, to a spectrum with only a few per cent of neutrons above 
2 MeV by 8 ns. During this time, the spectrum was most sensitive to 
the quite large inelastic cross sections (the mean free path is ^5 cm) 
between 2 and 6 MeV, where there is a high proportion of the total flux 
and the only mechanism to change the energy spectrum significantly in 
a few nanoseconds is inelastic scattering. Since the experiment with 
the detector inside the stack was only just able to follow the spectrum 
changes, it is clear that a detector on the surface would have had 
substantially less chance of providing significant data in this energy 
region.
Two major sources of systematic error to which time-dependent 
pulse height spectrum measurements are very sensitive have been care­
fully evaluated. Timing walk has been shown to severely distort pulse 
height spectra from fluxes changing rapidly with time, even when the 
walk is about one tenth of the timing resolution of the detector system. 
The active timing walk correction used in the present experiment can 
effectively eliminate the problem of walk. However, there is no way 
to correct the effect of noise which broadens timing resolution at 
low pulse heights. For example, with the present system, noise would 
make it impossible to trust the pulse height spectra from a 2 ns time 
window if the pulse height threshold were lowered a factor of 2 to 
0.05 MeVe.
The second major source of systematic error was pile-up, which 
severely limits the effectiveness of pulse shape discrimination» It 
has become clear that a pile-up rejection system would be essential 
if this error were to be reduced below a few per cent while maintain­
ing reasonable count rates.
Another improvement to the system suggested by the present 
measurement would be to work in logarithmic pulse height and energy
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scales. This would be very efficient in terms of information per data 
point and also mathematically sensible. A dynamic range of about 0.2 
to 10 MeV in neutron energy probably could be achieved in a single 
measurement. The experimental feasibility of this is a subject for 
future investigation.
The value of measuring simultaneously the time and energy depend­
ence of the neutron flux is clear from the present results. To 
illustrate the advantage of time-dependent over time-averaged energy 
spectrum measurements, it is only necessary to refer back to the 
spectra in the first three time windows in Figure 7-2. At 1.9 ns 
after the beam pulse, the calculated spectrum is deficient in low 
energy neutrons, while by 5.9 ns it is deficient in high energy 
neutrons. A time-average over just this period would destroy this 
evidence for discrepancies in inelastic cross sections in the 2 to 
6 MeV region.
Another illustration of the value of the dual parameter experi­
ment is comparison with experiments measuring only the time-dependence 
of the count rate from a particular detector. For example, from 
measurement of the time—dependent count rate of a threshold detector, 
the energy at which the cross sections may have discrepancies can be 
determined only within a wide range. Having full energy spectra at 
each time defines the energies of discrepant cross sections much more
closely.
The present experiment has provided a basis for improvement of 
the accuracy of the cross sections from the ENDF/B-IV data file for 
2 3 8 U, the major constituent of a U-Pu fast reactor. A measurement 
using the same technique in thorium would provide insight into the 
large discrepancies (Moo 1973) in cross sections for this material, 
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The 113mln source was originally intended as a calibration source 
for the scintillation detectors. A drop of solution containing 113Sn, 
which supports 113mIn, was allowed to dry on a platinum wire which was 
inserted into the scintillation chamber. By calculation, the energy 
loss by Auger electrons penetrating the evaporated material, was less 
than 2 keV. That the energy loss was low is supported by the width of 
the peak after subtracting the background. In the large chamber, the 
FWHM of the peak was just that due to the photomultiplier statistical 
broadening of a single intensity pulse from a light pulser. Despite 
this, the peak occurred at 0.34 MeVe (Figure 3-3) instead of 0.392 MeVe, 
which would be expected if the whole energy of the internal transition 
was absorbed, or a little less if the K or L X-ray accompanying the 
electron, escaped. The present hypothesis to explain this discrepancy 
in energy is that the layer of scintillator adjacent to the surface of 
the platinium wire is effectively quenched and produces no light. Only 
after traversing a layer in which it loses about 50 keV does an electron 
enter a region of the scintillator where it can produce scintillations. 
The hypothesis remains to be proved.
82
APPENDIX B
EXPERIMENTAL DATA BASE FOR 
MONQENERGETIC NEUTRON RESPONSE DETERMINATION
1. TIME OF FLIGHT MEASUREMENT
The monoenergetic neutron response set A (section 3.5) was measured 
using the elevated target facility refered to in Chapter 2 and described 
in detail elsewhere (Whittlestone 1977a)• The accelerator beam was 
pulsed and the neutron energies determined by measuring the flight time 
of the neutrons from the target to the detector. By analysing the 
pulse heights of neutron counts in a narrow range of times (a time 
window) after the beam pulse, a monoenergetic neutron response was 
obtained. The main parameters of the measurement were:
Target material: lithium (thick)
Beam particles: Deuterons
3 ns FWHM 
1.90 m
Width 3 ns ,
Energy range covered - 0.535 to 6.44 MeV.
The neutron source was chosen to be lithium bombarded by deuterons 
because the neutron output from the 7Li(d,n)8Be reaction is high and 
the energy spectrum smooth over the range of interest. Responses of 
monoenergetic neutrons with energies between 0 o535 and 6.44 MeV could 
be obtained by accumulating pulse height spectra simultaneously from 
several time windows.
The resolution of the measurement was limited mainly by the 3 ns 
minimum pulse width from the accelerator and by the choice of flight 
path, which was a compromise between count rate and resolution. While 
the measurements could have been made with double the flight path to 



























FIGURE: B - l  ILLUSTRATION OF BACKGROUND EVALUATION 
FOR MONOENERGETIC NEUTRON RESPONSES
83
and increase of scattered neutron background at the low energies 
were considered unacceptable.
A second compromise on resolution versus count rate was involved 
in the selection of the time window width at 3 ns, equal to the width 
of the beam pulse. It was considered that a reduction in resolution 
from about 4.2 to 3.4 ns was not worth the sacrifice of a factor of 
2 in count rate obtained by reducing the window width to 1.5 ns.
Background from scattered neutrons, while small at the elevated 
target station, was evident in the low energy responses. It was 
possible to evaluate and correct for this background. From experiments 
using the elevated target station (Whittlestone 1977a), it was known 
that the scattered component at any particular time had a fairly narrow 
energy distribution, centred on an energy substantially higher than the 
energy defined by the time window of interest for neutrons coming 
directly from the target. The pulse height distribution of the scattered 
component at each time was therefore known quite accurately from the 
higher energy responses obtained at earlier times. By matching the 
higher pulse height part of the response to the known higher energy 
response, it was possible to form an accurate estimate of the contri­
bution to low energy responses from scattered higher energy neutrons 
(Figure B-l). This contribution could then be subtracted.
2. ASSOCIATED PARTICLE MEASUREMENT
The associated particle technique was used to measure some mono­
energetic neutron responses. The experimental rig was essentially that 
described by Jones et al. (1974) and was operated by one of the authors 
(C. M. Bartle), using a deuteron beam from the 6 MV tandem Van de 
Graaff accelerator at the Australian National University. Tritons and 
neutrons from a deuterated polyethylene target were detected, the
APPENDIX B (cont'd)
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former by a surface barrier detector and the latter by the scintillator 
probe. The energy of the neutrons was defined by its angle of emission 
and the incident deuteron energy. If the neutron detector had been 
larger than about 2.5 cm diameter, each triton detected would have 
been accompanied by a neutron passing into the neutron detector, 
permitting the absolute efficiency of the detector to be determined.
For measuring the responses of the scintillator probe, this 
associated particle rig was unsatisfactory in two respects. Firstly, 
the neutron beam was considerably larger than the scintillator, which 
meant that the absolute detection efficiency of the scintillator could 
not be determined. Secondly, the count rate was of the order of 1 Hz, 
which made it quite impracticable to measure monoenergetic neutron 
responses to sufficient accuracy in the time available. However, a 
few responses were measured with very poor statistical accuracy. They 
showed that the resolution of the detector was in the range 4 to 8% 
up to 12 MeV. It was evident that edge effects could be ignored for
APPENDIX B (cont’d)
neutrons with energies of 6 MeV or less.
85
CALCULATION OF THE PROPORTION OF PILE-UP EVENTS
It is required to find the number of accelerator beam pulses 
resulting in detection of two or more particles (neutrons or gamma 
rays) divided by the number of pulses resulting in the detection of 
one or more particles. This ratio is the proportion of pile-up 
events and will be denoted by P , as in equation (3.9), section 3.8).
There are two steps involved in the calculation of P . The firstc
is to find the probabilities that there are one, two or more particles 
entering the detector from a given beam pulse. The second is to find, 
for the events when there are two or more neutrons entering the 
detector, the fraction of events when two or more particles are 
actually recorded by the detector.
Both these events require to know the probabilities P^ of i 
particles appearing in a given sample when there are n particles, 
each with a probability of P of inclusion in the sample. The relation­
ship between these numbers is given by the binomial distribution „ 
(Condon et al. 1958).
In the first step, n represents the large number of particles 
emitted from the target, each with a small probability of reaching 
the detector. In the second step, n is a small number (see below) 
and the probability of inclusion in the sample is just the detector 
efficiency.
The calculation is made for the scintillator probe operating at 
a count rate of 10 kHz with a beam pulse rate of 500 kHz. Since the 
detector efficiency was ^0.04 per incident particle, and (from the 
numbers above) the detection rate V 50 Per beam pulse, there were 
(1/5 o )/0.04 = 0.5 particles per beam pulse entering the detector.
The number, n, of particles from the target per beam pulse was
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PROBABILITIES, P , FOR k PARTICLES ENTERING k
THE DETECTOR WHEN THE AVERAGE VALUE OF k is 0.5
TABLE C-l
p{ n 0 . 0 4
p i
2gq 0 . 0 7 6 8 p̂ n 2 0 . 0 0 1 6
p? 3 n q 2 0 . 1 1 0 5 9 P 2 3 n 2 q 0 . 0 0 4 6 1 p 3 n 3 0 . 0 0 0 0 6
pi 4 n q 3 0 . 1 3 5 9 P 2 6r|2q 0 . 0 0 8 8 5 p: 4ri 3q 0 . 0 0 0 2 5
p i 5 n q U 0 . 1 6 9 8 P̂ 10n2q 3 0 . 0 1 4 2 10 n 3q 2 0 . 0 0 0 6 0
pf IS THE PROBABILITY THAT k PARTICLES ARE DETECTED FROM k
A SAMPLE OF n WHEN THE DETECTION EFFICIENCY IS n = 0.04 




about 1 04 , but to simplify the calculations, n was taken to be 50.
A check made at n = 30 showed that there was no significant error
arising from using the small value for n. Table C-l shows the
values of the probabilities Pi, P 2 , ... for 1 ,2 ,... particles to
enter the detector from a beam pulse.
The second step of the estimation of Pc requires the probabilities 
n .
J?k of the detector recording k particles from beam pulses in which 
there are n particles incident on the detector, where the detector 
efficiency, n , is 0.04. The values of pf1 are given in Table 0 2  for 
n values up to 5. The probability of more than 5 particles entering 
the detector following any one beam pulse is clearly negligible from 
Table O l .
Combining steps 1 and 2, the probability of detecting just one 
particle is:
5 .
D 1 = l P.P3 = 0.01969 ,
j = l 3 .
5 .
similarly, D 2 = £ p =  1*918 x r
j=2 3
5 .
and 0 3 = £ P -P 3 = 1*216 x 1 0 ~ 5 6 .
j = 3 3
Since Di^Dij,... evidently are negligibly small, the proportion of pile- 
up is given to sufficient accuracy by:
Pc
D 2 + D 3
D1+D2+D3
0.0097 £ 1 9* - L ' o  #
Energy (MeV) 0.8 1.25 1.75 2.25 2.75 3.25 4.0 5.0 5.95
Time Flux Error = 10% 4«E% E% E%
1.9 175.9 151.3 119.3 187.6 310.8 151.6 171.9 10 290.3 10 182.5 10
3.9 587.0 348.6 533.4 709.0 736.9 697.3 677.5 996.6 522.5
5.9 1385 1376 1596 1230 1011 885.7 660.3 747.3 343.4
7.9 2791 2479 1642 916.8 693.6 468.3 291.0 268.2 123.6
10 3863 2348 1100 515.9 403.9 241.6 134.2 121.6 52.35
12 3966 1819 681.1 310.7 223.3 128.2 67.58 54.13 27.70
14 3699 1342 413.3 177.7 129.7 70.39 35.00 25.07 14.55
16 3278 953.0 248.3 104.1 72.54 40.40 19.68 13.94 6.71 11
21 2233 400.2 74.90 31.94 20.74 14.39 5.41 11 3.90 12 1.88 14
26 1449 169.3 28.72 * 11.47 8.54 5.89 2.22 13 2.11 12 0.65 21
29.5 2703 243.8 40.43 19.16 13.10 9.99 4.05 11 2.67 12 1.60 14
34.5 1732 114.8 20.39 11.73 8.19 6.54 2.65 12 1.85 13 1.13 15
39.6 969.8 47.14 11.82 6.43 5.30 4.22 1.97 12 1.06 15 0.67 18
47.2 1013 43.64 15.74 10.23 8.38 6.25 3.03 12 1.72 13 1.08 15
57.2 405.6 20.99 10.52 9.61 5.61 5.39 1.17 17 3.06 11 0.01 13
67.2 167.5 14.70 9.52 7.66 5.31 3.86 2.01 12 1.13 15 0.90 15
77.2 80.3 13.94 8.21 7.88 9.11 4.48 2.05 12 1.05 15 0.61 20
*Percentage error
TABLE D-l
EXPERIMENTAL TIME DEPENDENT NEUTRON ENERGY SPECTRA
Enei■gy (MeV) 0.8 1.25 1.75 2.25 2.75 3.25 4 5 5.95
Scale
Time Factor 
x H T 12
Flux *E% Flux E% Flux E% Flux E% Flux E% Flux E% Flux E% Flux E% Flux E%
1.9 1.597 362.3 3 318.2 3 267.2 4 256.4 2 240.3 3 326.6 2 557.6 1 1098 1 358.2 3
3.9 1.250 1671 2 1515 2 1387 3 1408 2 1149 2 1329 2 1564 1 1966 1 546.5 6
5.9 1.329 5174 2 4643 1 3717 2 2911 2 1814 2 1529 2 1261 2 1011 2 296.6 7
7.9 1.261 11030 1 7010 1 3633 2 2221 2 1284 2 911.9 4 644.6 3 411.0 2 136.2 6
10 1.349 14920 1 5920 2 2383 2 1312 2 737.5 3 465.6 3 339.5 4 212.3 4 79.8 11
12 1.271 14290 1 4445 2 1495 3 766.3 3 414.9 4 266.5 5 191.9 5 113.3 7 42.3 9
14 1.176 12330 1 3032 2 880.6 3 446.8 3 227.5 4 171.6 10 114.2 8 58.3 8 22.2 8 .
16 1.089 10190 1 2030 2 527.1 3 267.4 4 138.0 5 95.4 10 64.8 8 34.4 5 13.4 9
21 1.009 6637 2 820.8 3 185.5 8 87.3 6 51.2 9 25.0 15 22.6 21 7.1 15 3.6 21
26 1.038 4497 2 376.7 4 66.6 8 31.7 15 17.0 14 7.2 20 5.6 17 4.0 48 2.0 45
29.5 1.093 8799 2 567.7 4 94.5 9 35.5 14 26.4 16 18.0 27 8.5 26 6.0 29 2.4 35
34.5 1.053 5189 2 255.7 6 50.8 14 24.3 21 12.7 22 8.6 27 3.9 26 2.6 30 1.8 40
39.6 0.878 3107 2 98.9 7 24.6 18 15.3 17 6.6 24 5.8 38 3.7 31 1.2 40 1.1 50
47.2 0.884 3080 3 96.5 10 33.9 21 19.3 19 20.8 27 12.8 26 5.9 24 3.1 37 0.5 66
57.2 0.866 1217 3 59.8 15 19.6 19 15.5 36 7.8 26 5.2 32 3.8 30 0.8 60 1.9 66
*Percentage error
TABLE D-2
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THE TIME-DEPENDENT NEUTRON ENERGY SPECTRA 
The following tables contain the neutron energy spectra for each 
time window, from both experiment and theory. Only the mid points of 
the energy groups and time windows are given. Full details of these 
are in Tables 7-2 and 7-1, respectively. The experimental results have 
been divided by 10 **. A scaling factor, F, is quoted with each of the 
theoretical spectra, which is the factor by which the raw theoretical 
spectra have been scaled. To obtain the best match to the experiment, 
a further scaling by 0.4 is required.
oThe unit of flux is the number of neutrons per MeV per cm at the 
detector, accumulated over the four day experimental run, during which
APPENDIX D
the deuteron beam current was MD.2 pA.
* MONCENERGETIC NEUTRON RESPONSES
15 PROFILES 3 .500  MAXIMUM ENERGY
BLOCK 1 NEUTRON ENERGY 0 .5 35  EFFICIENCY 0 .0 04
7 . C57F-01 
7 . 519E-03 
1 .0 62F -0 4
4.374E -01  
5 . 272E-03
5. 165F-05
2. 713E -01  
3 . 828E-03 
2 . 548E-05
1.685E -01
2. 8 45 E -0 3
1.332E -05
1 . 050E-01 
2 .1 18 E -0 3
BLuCK 2 NEUTRON ENFRGY 0 .619  EFFICIENCY 0.012
3. 829E-01 
7 . 9 4 1 F -03 
B . 946F -04
2 . 5 24E -91  
5 . 9 8 0 F - J 3  
5 . 882E-C4
1.66ÓE-01  
4 .68  5E-03 
3 . 5 39E -04
1 . 1 0 2 E - 0 1  
3 . 819E-03 
1 . 943E-04
7 . 319E-02 
3 .218E-C3  
S .778 E-C5
BLOCK 3 NEUT RON ENERGY 0.721 EFFICIENCY 0 .022
1 . 452E-01 
6 . 3 9 9 t - T 3  
2 . 0 2 J E -  0 3 
4 . 8892-C5
1 . 0 2 8F -01 
j  • 143t -■ 3 1.815F-J3  
2. 267 E-0 5
7 . 2 91E -02  
4•2 59E-0 3 
1 .5 69 F -0 3  
9.961E — 06
5 . 192E-02 
3 .6 3 7 E -0 3
1.Z 93 E-0 3  
4 . 289E-06
3.716E -02  
3 . 199E-03 
1 . 096F -03  
1 .9 14E -06
ulGCK 4 NEUTRON ENERGY 0 .8 54  EFFICIENCY 0 .035
8 .9 3 5 c -C 2  
6 . 6 7 8 2 - 0 3  
2 . 684E-C3 
4 . 709E-C4  
5 .4 4 6 E - 0 7
0 . 6 5 9 ^ - 3 2  
íj. 589E-Ü3  
2 . 5 9 1 F - 3 3  
2 . 9 1 9 F -0 4  
3 . 591E-U7
4 .9 8 0 E -0 2  
4 . 786E-03 
2 . 4 7 9 E -0 3  
1 . 680E-04 
2 . 532 E-C 7
3 . 740E-C2 
4 . 193E-03 
2 . 334E-03 
8 . 9 6 7 E - J 5  
1 .8 38E -07
2. 826 E-  02
3. 755E-03 
2 . 142E-J3  
4 . 452 E-C 5  
1 . 35UL-C7
BLOCK 5 NFUTRON ENERGY 1.032  EFFICIENCY 0 .048
3 . 751E-02 
5 . 0 4 8 F-0 3
2. 383F -C3 
1 . 9 5 4 F - 0 3  
1 .9 2 3 E -0 4  
2 . 028F -C  7
2 . 9 6 9 E -0 2  
4 . 4 0 5 E -0 3  
2 . 330E-03 
1 .8 3 5 E -0 3  
1 . 160E-04 
1 . 252E-07
2 . 3 6 0 E -0 2  
3 . 9 0 5 E -0 3  
2 .2 8 8 E -0 3  
1 .6 8 1 E -0 3  
6 . 604E-05 
8 .6 5 9 E -0 8
1 . 885E-02 
3 . 5 1 6 E -0 3  
2 .2 5 5 E -0 3  
1 . 493E -03  
3 . 545E-05 
6 .4 12 E -C 8
1 . 516E-02 
3 .2 12 E -0 3  
2 . 2 2 8 E -0 3  
1 . 2 81E -03  
l . 797E-05 
4 .8 94 E -C 8
Table E-1 Honoenergetic
0.1000 THRESHOLD - MEV
6 . 5 6 1 E -0 2
1. 534 E-0 3
4 . 127E-02 
1 . 0 53 E -0 3
2 .6 2 0 E -0 2
6 .7 1 5 E -0 4
1 .6 88 E -0 2
3 . 9 3 1 E -0 4
1. 110E-02 
2 .1 1 5 E -0 4
4 .8 8 5 E -0 2
2 . 7 6 7 E -0 3
4 .5 6 5 E -0 5
3 . 286E-02 
2 . 383E-03 
2 . 0 3 5 E -0 5
2 .2 36 E -0 2  
2 . 0 1 3E-03
1 . 546E-02 
1 . 635E-03
1. 092 E-0 2
1 .2 53 E -0 3
2 . 6 7 7 E -0 2  
2 .88 7E-03 
7 . 338E-04 
9 . 4 56 E -0 7
1 .9 47 E -0 2
2 .6 6 1 E -0 3
4 . 9 84 E -0 4
5 .3 4 1 E -0 7
1 . 4 34E -02  
2 . 488E-03 
3 . 139E-04
1 . 0 73E -02  
2 . 339E-03 
1 . 827E-04
8 . 186E-03 
2 . 190E-03 
9 . 826E-05
2 . 1 51 E -0 2  
3 . 4 3 2 E -0 3  
1 .B99E-03  
2 . 07Ü E- 05
1•654E-02 
3 . 1 94E-Q3 
1 .6 13E -03  
9 .1 7 1 E -0 6
1.2 86E -02  
3 . 016E-03 
1 . 301 E-0 3  
4 .0 0 4 E -0 6
1 . 0 15E -02  
2 . 8 82 E -0 3  
9 . 9 0 3 E -0 4  
1 . 824E-06
8 .1 53 E -0 3  
2 . 776E-03 
7 .0 68 E -0 4  
9 . 2 81E -07
1 .2 28 E -0 2  
2 .9 7 6 E -0 3  
2 . 2 03E-03  
1 .0 5 5 E -0 3  
8 .6 3 3 E -0 6
1 .0 04E -02
2 . 7 9 2 E -0 3
2 .1 7 7 E -0 3
8 .3 1 4 E -0 4
3 .9 6 3 E -0 6
8 .2 9 1 E -0 3  
2 .6 4 9 E -0 3  
2 . 1 4 6 E -0 3  
6 . 242E-04  
1•769E-06
6 . 9 3 1 E - 0 3  
2 . 537E-03 
2 . 103E-03 
4 . 4 5 2 E -0 4  
7 . 945E-07
5 . 8 72E -03  
2 .4 5 0 E -0 3  
2 .0 42 E -0 3  
3 .0 09 E -0 4  
3. 785E-07
n e u t r o n  r e s p o n s e s
d LUC K 6 NEUTRON ENERGY 1.188 EFFICIENCY 0 .049
1 . 783E-02 1 . 463E-02 1.2C6 E-02 9 .9 9 3 E -0 3 8 .3 30 E -0 3
3 . 350E-03 2 . 9 8 8 E -0 3 2•697E-03 2 . 464E-03 2 .2 7 6 E -0 3
1 . 7 1 3E-03 1•672E-03 1.6 39E-03 1 . 6 12E -03 1 . 5 9 1 E-03
1 . 527F -03 1 .5 22 E- 0 3 1 . 5 1 6E-03 1 . 5 10E-0 3 1 . 503 E-0 3
1 . 3C9E-03 1 .2 29 E -0 3 1 . 131E-03 1 . 019E-03 8 .9 44 E -0 4
2 . C99E-04 1.450E-C4 9 . 6 1 9 E -0 5 6 . 1 25E-C5 3 .7 40 E -0 5
8 . J21E- Q7 3 . 711E-U7 1.690E -C7 7 .7 69 E -0 8 3 . 764E-08
3. E 5 1F-C9 3 . 097E-09 2 .4 9 0 E -0 9 2 . 0 0 2 E -0 9 1.6 10E -09
bLCCK 7 NEUTRON ENERGY 1.374 EFFICIENCY 0 .049
9 . 888E-03 8 . 3 1 7 E -0 3 7 .0 2 7 E -0 3 5 .5 6 5 E -0 3 5.C93 E-03
2 . 308E- C3 2 . 0 8 6 F - 0 3 1 . 9 05E -03 1 . 755E-03 1 . 632E-03
1 . 2 4 0 E-03 1 .2 09 E -0 3 1 .1 8 3 E -0 3 1 .1 62 E -0 3 1. 145E-C3
1 .0 9 0 E -0 3 1.0 8 5 E - 0 3 1 . 082E-03 1 . 079E-03 1.C7 6E- 03
1 . 068F - 03 l . 0 6 7 E -0 3 1 . 066E-03 I . C 6 4 E - 0 3 1. C62E-03
1 . 0 0 1 E - J 3 9 .7 40 E -U 4 9 . 397E-04 8•972E-04 8 . 4 6 2 E -0 4
4.19  6 E- 0 4 3 . 4 7 2 E - 0 4 2 . 8 C 6 E -0 4 2 .2 1 2 E -0 4 1 . 699E-04
1 .9 64 E -C 5 1 . 239F -05 7 . 593E-C6 4 .5 1 5 E -0 6 2 .6 0 5 E -0 6
5 . 142E-C8 2 . 4 3 2 E -0 8 1 . 137E-C8 5 . 2 9 8 E -0 9 2 . 5 2 9 E -0 9
CLOCK 8 NEUTRON ENERGY 1.622 EFFICIENCY 0 .050
6 . 4 5 0 E -0 3 5 . 5 2 1 E -0 3 4 .7 4 5 E -0 3 4 .C 5 7 E -0 3 3 . 556E-03
1. 743E -0 3 1 . 589E-03 1 .4 6 1 E -0 3 1 . 354E-03 1 .2 6 5 E -0 3
9 . 6 4 9 E -0 4 9 .3 9 5 E -0 4 9 .1 8 3 E -C 4 9 . 0C6E-04 8 .8 58 E -C 4
8 . 362E-04 8 . 3 2 0 E - 0 4 8 . 285E-04 8■256E-04 8 . 232E-04
8 . 150E-04 8 . 143E-04 8 . 1 3 7 E - 04 8 . 1 3 2 E -0 4 8 . 128E-04
8 . 113E-04 8.11 I E - 0 4 8 . 109E-04 8 . 1 0 5 E -0 4 8 . 100E-04
7 . 9 5 2 E - 0 4 7 . 8 8 2 E - 0 4 7 . 788E-04 7 . 6 6 5 E -0 4 7 . 506E-04
5 . 634E-04 5 . 1 7 5 E - 0 4 4 . 6 9 0 E - 0 4 4 . 1 9 0 E - 0 4 3 . 687E-04
1 . 193E-04 9 . 2 5 5 E -0 5 7 . 0 3 9 E - 0 5 5 . 246E-05 3 . 830E-05
3 . 699E-06 2 . 3 2 0 E - 0 6 1 .4 2 3 E -0 6 8 . 537E-07 5 .0 0 6 E -0 7
1 . 2 6 5 E - 0 8 6 . 33 0E-09 3 . 1 0 4 E - 0 9 1 .5 0 0 E -0 9 7.  184E-10
Table E-1
6 . 9 9 3 E -0 3  
2 . 125E-03 
1 . 5 74E -03  
1 . 4 92E -03  
7 .6 3 5 E -0 4  
2 .1 8 9 E -0 5  
2 .0 1 5 E -0 8
5. 9 18 E -0 3  
2 .0 0 3 E -0 3  
1 .5 60E -03  
1 . 4 76 E -0 3  
6 . 3 2 0 E -0 4  
1 .228E -05  
1 •230E-08
5 . 0 5 3 E -0 3  
1 .9 05 E -0 3  
1 . 549E-03 
1 .4 53 E -0 3  
5 .0 6 3 E -0 4  
6 .5 9 8 E -0 6  
8 . 4 3 7 E -0 9
4 . 358E-03 
1 . 827E-03 
1 .5 4 0 E -0 3  
1 . 4 1 9 E -0 3  
3 . 9 1 8 E -0 4  
3 . 4 0 0 E -0 6  
6 . 2Ó9E-09
3 .7 99 E -0 3  
1 . 763E-03 
1 .5 33 E -0 3  
1 •3 71E-0 3  
2 .9 2 3 E -0 4  
1 . 6 82E -06  
4 .8 7 9 E -0 9
4. 376E-03 
1.53 I E - 0 3
1. 131E-03 
1 . 074 E-0 3  
1 . 059 E-C 3  
7 . 8 7 1 E -0 4  
1 .2 71 E -0 4  
1 .4 5 8 E -0 6  
1 . 275E-09
3 . 7 8 7 E -0 3  
1 .4 48 E -0 3  
1 . 119E-93 
1 . 0 73 E -0 3  
1 .0 54E -03  
7 . 2 0 7 E -0 4  
9 . 2 5 7 E -0 5  
7 .9 1 9 E -0 7  
7 .C 7 5 E - 1 0
3 . 3 0 2 E -0 3  
1 . 360E-03
1. 109E-03 
1 .0 7 1 E -0 3  
1 .Ü4 7 E- 0 3  
6 .4 8 5 E -0 4  
6 . 557E-05 
4 . 174F- 07
2 .9 0 4 E -0 3  
1 . 3 24 E -0 3  
1 . l O l E - 0 3  
1 .0 7 0 E -0 3  
1 .0 36 E -0 3  
5 . 7 2 7 E -0 4
4. 515E-05 
2 . 135E-07
2 .5 7 7 E -0 3  
1 . 2 78 E -0 3  
1 . 0 95E -03  
1 .0 69E -03  
1 .021E -03  
4.  955E-Û4 
3 .021E-05  
1 .062E-07
3 . 104E-03 
1 . 19ÛE-03  
8 .7 3 4 E -0 4  
8 . 2 1 1 E -0 4  
8 . 125E-04 
8 . 0 9 3 E -0 4  
7. 308E-04 
3 . 192E-04 
2 . 7 3 7 E -0 5  
2 . 8 7 0 E -0 7  
3 . 2 4 9 E -1 0
2 . 726E-Ü3 
1 . 127E-03 
8 . 6 3 1E-04 
8 . 194E-04 
8 . 122E-04 
8 . 0 8 1 E - 0 4  
7 . 065E-04 
2 . 718E-04 
1 .9 1 6 E -0 5  
1•608E-07 
1 . 5 0 0 E -1 0
2 .4 1 0 E -0 3
1 . D75E-03 
8 . 5 4 5 E -0 4  
8 . 180E-04 
9 . 119E-04 
8 . 0 6 4 E -0 4  
6 . 7 7 6 E -0 4  
2 . 2 7 4 E -0 4  
1 . 3 1 2 E -0 5  
8 . 8 1 0 E -0 8  
7 . 2 6 9 E -1 1
2. 147E-Û3 
1 .0 32 E -0 3  
8 .4 7 3 E -0 4  
8 . 168E-04 
8 . 117E-04 
8 . 039E-Q4  
6 .4 4 0 E -Û 4  
1 .8 6 9 E -0 4
8 .7  94E -06  
4 . 7 1 7 E - 0 8  
4 . 4 5 1 E - 1 1
1 . 9 27E -03  
9. 952E-04 
8 . 4 1 3 E -0 4  
8 . 1 5 8 E ~04
8. 115E-04 
8 .0 0 3 E -0 4  
6 . 0 5 8 E -0 4  
1 .5 07 E -0 4  
5 . 766E-06 
2 .4 7 0 6 -0 8  






L OC K 9 NEUTRON LNFkGY 1.922 EFFICIENCY 0.050
9 .  3 5  2 F - C 3 0 . 7 4 9 F. - 0 3 3 . 2 4 2 E - 0 3 2 . 8 1 7 E - 0 3 2 . 4 6 0 E - 0 3
1 .  2 4 5 F - 0 3 1 . 1 3 9 L - ^ 3 1 . C 5 1 E - 0 3 9 . 7 6  I E  — 0 4 9 . 1 3 5 E - 0 4
6 . 9 9 1 F - 0 9 6 • 8  0 3 C -  ? 4 L>.  6  4 4 F  - 0 4 6 . 5 C 9 F - C 4 6 . 3 9 6 F - 0 4
5 .  9  9 5 F - 0 9 9 . 9  5 d F - 0 4 5 . 9 2 6 F - 0 4 5 . 8 9 8 F - 0 4 5 . 8 7 4 F - 0 4
5 . 7 8 1 L - 0 4 9 . 7  7 I f - 0  4 5 . 7 6 1 E - 0 4 5 . 7 5 3 F - 0 4 5 . 7 4 5 F - 0 4
5 .  7 r e r - C 4 5 . 7 0 3 r - ‘ ‘ 4 5 . 6 9 8 F - 0 4 5 . o 5 4 E — 0 4 5 . 6 8 9 F - 0 4
5 .  t  6 5 F  - 0 4 • 0  6  1 L -  ~ 4 5 . 6 5 8 F - 0 4 5 . o 5 4 F - 0 4 5 . 6 5 1 E - C 4
5 .  b  3 J  F -  0 4 j  • o 2 6  9 - 0 4 5 . 6 2 2 E - C 4 5 . 6 1 7 F - 0 4 5 . 6 1 2 E - 0 4
5 .  5 3 o C  - 0 4 j  .  5 0 8 P -  0 4 5 . 4 7 4 F - 0 4 5 . 4 3 C F - 0 4 5 . 3 7 5 E - C 4
4 .  7 ?  )•  - '  4 + .  5 L> J F -  *+ 4 . 3  5 6  E — 0 4 4 . 1 4 3 F - 0 4 3 . 9 1 2 E - C 4
2 .  3 3 u F - C 4 2 . 0 7 9  F - 0 4 1 . 8 3 2 E - 0 - + 1 . 5 9 8 F - 0 4 1 . 3 8 2 E - C 4
4 . 9 1 7 F - C 5 4 . C 7 8 f -  95 3 . 3 8 7 E - 0 8 2 . 3 2 7 F - 0 5 2 . 3 7 8 F - C 5
1 .  1 5  3 r - C 5 1 .  3 2 . -  ■ 5 1 . 0 2 8 E - 0 5 9 . 3 6 6 E - 0 6 9 . 5 4 1 E - 0 6
d .  4 2 3 1 -  3 fc 3 . 2 9 0 = -  6 8 . 1 6 3 E - 0 6 8 .  ' 3 9 1 - 0 6 7 . 9 1 9 E - ~ 6
O C X  1 0  Nfci i T R l J N  F N “ P G Y 2 . 3  2 0 E F F I C I E N C Y  0 . 0 4 8
3 .  51  7 F - C 3 j .  C 1 0 c - J 3 2 .  5 8 7 E - 0 3 2 . 2 3 3 F - 0 3 1 . 9 3 7 E - 0 3
9 . 4  5 F -  C 4 9 . 6  1 OF  -  0 4 7 . 9 C 4 E - 0 4 7 . 3 I 3 E - 0 4 6 . 8 1 8 E - 0 4
5 .  1 4 3 L -  C 4 4 . 9  9 8 F — ' 4 4 . 8 7 o E - 0 4 4 . 7  7 3 E - 0 4 4 . 6 8 6 E - 0 4
4 . 3 7 9 F - 0 4 * .  O d O F -  94 4 . 3 2 5 E - 0 4 4 . 3 0 4 E - 0 4 4 . 2 8 5 E - C 4
h . 2 C J F - C 4 4 . 1 9 9 F - 0 4 4 . 1 9 1 E - 0 4 4 . 1 8 3 E - 0 4 4 . 1 7 6 E - 0 4
4 .  1 4  1 F - 0 4 *t.  1 3 6 c  — 0 4 4 . 1 3 1 E - 0 4 4 . 1 2 6 E - 0 4 4 .  1 2 1 E - C 4
4  .  u  9  6  r  -  0 4 4 . 0  9 2  r  -  4 4 . 0 8 8 E - 0 4 4 . C 8 5 E - C 4 4 . 0 8 1 E - 0 4
4 .  06« .  E - 0  *♦ - +.  0  5 6 E -  .’4 4 . °  5 3 E - 0 4 4 . G 5 0 E - J 4 4 . C 4 7 E - 0 4
4 . 0 2 9 F - C 4 4 . 0 2 6 E - 0 4 4 . u 2 3 E - 0 4 4 . 0 2 0 E - 0 4 4 . C 1 8 E - 0 4
4 .  0 O 2 F - C 4 J . 9 9 9 E - 0 4 3 . 9 9 7 F - 0 4 3 . 9 9 4 E - 0 4 3 . 9 9 1 F - 0 4
3 . 9 7 U F - C 4 3 . 9 6 4 E - " 4 3 . 9 5 B E - 0 4 3 . 9 5 0 E - 0 4 3 . 9 4 1 E - L 4
3 . 8 2 4 E - 0 4 J . 7 9 0 F -  14 3 . 7 4 9 E - 0 4 3 . 7 0 1 E - 0 4 3 . 6 4 6 F  — 0 4
3 . 1 2 9 E - 0 4 3 . 0 1  I E - 0 4 2 . 8 8 4 E - 0 4 2 .  7 4 9 F - 0 4 2 . 6 0 7 E - 0 4
1 . 6 8 8 E - 0 4 1 . 5 3 8 E - 0 4 1 . 3 9 2 E - 0 4 1 . 2 5 2 E - C 4 I . 1 1 9 E - 0 4
5 .  0 5 3 P - 0 5 3 5 4 E -  ">5 3 . 7 4 2 E - 0 5 3 . 2 1 1 E - 0 5 2 . 7 5 4 E - C 5
1 . 1 9 5 E - 0 5 1 . 0  7 1 E - 0  5 9 . 7 1 0 E - 0 6 8 . 9 0 9 E - 0 6 8 . 2 6 9 E - 0 6
6 . 3 4 4 E - 0 6 6 . 1 8 8 F - 0 6 6 . 0 5 3 E - 0 6 5 . 9 3 2 E - 0 6 5 . 8 2 4 E - 0 6
5 .  2 9 4 E - C 6 5 . 2 1 5 E - 0 6 5 . 1 3 9 E - 0 6 5 . 0 6 4 E - 0 6 4 . 9 9 0 E - C 6
Table E-1
2. 16CE-03 1 . 908E-03 1•697E-03 1 .5 19 E -0 3 1. 370 E-0 3
8.6G9E-04 8 . 1 66E-04 7 . 7 9 3 E -0 4 7. 4 79 E -0 4 7. 2 14 E -0 4
6.2 99 E- 0 4 6 . 218E-04 6. 148E-  34 6 .0 89 E -0 4 6 .0 38 E -0 4
5 .8 54E -04 5 .8 35E -04 5. 8 19 E -0 4 5 . 805E-04 5.792 E -04
5.7 38E -0 4 5 . 731E-04 5. 725 E-04 5 . 719E-04 5 .7 13 E -0 4
5.6 85 E-04 5 . Ò81E-04 5 . 677E-04 5. 673E-04 5 . 669E-0 4
5. 647E-P4 5.644  E-04 5.640 E-04 5.637 E-04 5 . 633E-04
5. 605 E-0 4 5 . 597E-04 5 . 587E-04 5 . 574E-04 5 .5 5 7 E -0 4
5 . 3C8F-C4 5 . 226E-04 5.129 E-04 5 .0 13 E -0 4 4 .8 7 9 E -0 4
3.Ö67E-Ö4 3. 410 E-0 4 3.145 E-04 2 . 875E-04 2 .6 0 5 E -0 4
1 . 184E-C4 l .O O o E -0 4 8 .4 8 5 F -0 5 7. 1C7E-05 5.922 E -05
2.02 4c -05 1. 747E-05 1 . 53-+E-95 1 . 370E-05 1.246E-35
9.280E-0Ò 9.Û63E -06 8 . 8 77E -06 8 . 712E-06 8.562E-06
7.800E-00 7 . 685E-C6
1.6 90 E -0 3 1 . 484E-03 1.3 11E -03 1 . 167E-03 1.046E-03
6 . 4 0 4 E -0 4 6. 0  57 E-04 5 . 765E-04 5.52  I E - 0 4 5.316E -04
4 .6 12 E -0 4 4 . 55ÛE-04 4 .4 9 7 E -0 4 4 . 4 5 1 E -0 4 4 . 4 12E -04
4 . 268E-04 4 . 253E-04 4 . 240E-04 4 . 228E-04 4. 218E-04
4 . 169E-04 4 . 163E-04 4 . 157E-04 4. 1 5 1 E -04 4 . 146E-04
4 . 117E-04 4 . 113E-04 4.108  E-04 4 . 104E-04 4 . 1 00E -04
4 .0 7 7 E -0 4 4 . 074E-04 4 . C70E-04 4 .0 6 7 E -0 4 4.063E -04
4 . 044c-0 4 4.04  1 E -04 4 . Q38E-Û4 4 .0 3 5 E -0 4 4. 032 E-0 4
4 .0 15E -Q4 4 .0 1 2 E -0 4 4 . 0 1 )  E -04 4. 0C7E-O4 4. 004E-04
3 . 988 E-C 4 3 . 985E-04 3.982 E -04 3.9 79E-04 3.974E-04
3 . 9 29 E -0 4 3 . 915E-04 3 .8 99 E -0 4 3 . 878E-04 3.854E-04
3 .5 82 E -0 4 3.51 j E - 0 4 3 . 4 29E -04 3 . 338E-04 3.238E-04
2 . 4 60 E -0 4 2 . 309E-04 2 . 154E-04 1 .9 98 E -0 4 1.842E-04
9 .9 37 E -0 5 8 . 774E-05 7 .7 02 E -0 5 6 . 724E-05 5. 842E-05
2. 365 E-0 5 2 . 037E-05 1 . 762E-05 1 . 534E-05 1.347E-05
7 . 7 5 7 E -0 6 7.347E -06 7. 0 17 E -0 6 6 . 7 4 8 E -0 6 6. 528 E-0 6
5 .7 24E -06 5 .6 30 E -0 6 5 . 541E-06 5 . 4 56E -06 5.374E -06
4 .9 1 8 E -0 6
ctd
BLOCK 11 NEUTRON ENERGY 2.870 EFFICIENCY 0.045
3 . 114E-03  
6 . 9 1 8 E -0 4  
3 . 508E-04  
2 . 981E-04  
2 .8 5 9 E -C 4  
2 . 800E-04
2. 7  55F -04  
2 .7 1 7 E - 0 4  
2 . 6 8 4 E - 0 4  
2 . 6 5 5 E -0 4  
2 . 630E-04
2. 6P9E-04  
2 . 590E-C4  
2 . 574E-04 
2 . 5 5 7 E - 0 4  
2 . 5 I 8 E - 0 4  
2 . 372E-04  
1 .9 6 0 E - 0 4  
1 . 2 6 3 E -0 4
5. 79 6E-05  
1 .9 0 2 E -0 5  
6 . 0 1 6 E -0 6  
3 . 228E -06  
2 .5 8 5 E -Q 6
2 .6 1 0 E -0 3  
6 . 215E-04  
3 . 4 0 5 E -0 4  
2 .9 6 1 E -0 4  
2 .8 5 2 E -0 4  
2 .7 9 5 E -0 4  
2 . 751E-04  
2 . 7 1 3 E -0 4  
2 . 6 8 1 E - 0 4  
2 . 6 5 2 E -0 4  
2 . 628 E—04 
2•607E-04  
2 .5 8 8 E -0 4  
2 . 5 7 2 E- 0 4  
2 . 554E-04  
2 . 5 1 1 E -0 4  
2 . 3 4 5 E - 0 4  
1 .9 0 0 E -0 4  
1 . 1 8 8 E -0 4  
5 . 2 5 5 E -0 5  
1•683E-05  
5 . 4 8 7 E - 0 6  
3 .1 2 6 E -0 6  
2 . 5 4 5 E - 0 6
2 .1 9 7 E -0 3  
5 . 6 3 7 E -0 4  
3 .3 1 9 E -0 4  
2 . 9 4 4 E -0 4  
2 . 845E-04  
2 . 7 9 0 E -0 4  
2 . 747E-04  
2 . 7 1 0 E - 0 4  
2 . 6 7 8 E - 0 4  
2 . 6 5 0 E - 0 4  
2 .6 2 6 E -0 4  
2 . 6C5E-04  
2 . 586E-04  
2 . 570E-04  
2 . 5 5 2 E -0 4  
2 . 5 0 2 E - 0 4  
2 . 3 1 5 E -0 4  
I . 8 3 8 E - 0 4  
1 .1 13 E -0 4  
4 . 748E-05  
1 .4 8 8 E -0 5  
5 .0 3 9 E -0 6  
3 . 0 3 7 E - 0 6  
2 . 506E-06
1 .8 57 E -0 3  
5 . 162E-04  
3 . 2 4 8 E -0 4  
2 . 930E-04  
2•839E-04  
2 . 7 8 5 E -0 4  
2 . 743E-04  
2 . 7 0 6 E - 04 
2 . 6 7 5 E -0 4  
2 . 6 4 7 E -0 4  
2.62  3F-04  
2 . 603E-04  
2 . 585E-04  
2 . 569F -04  
2 . 549E-04  
2 . 4 9 2 E - 0 4  
2 . 2 83E-04  
1 .7 72 E -0 4  
1.039E—04 
4 . 276E-05  
1 .3 16 E -0 5  
4 .6 60 E—06 
2 . 9 5 9 E -0 6
1 . 579E-03  
4 . 770E-04  
3 .1 8 8 E -0 4  
2 . 9 1 6 E -0 4  
2 . 833E-04  
2 . 7 8 1 E -0 4  
2 .7 3 9 E -0 4  
2 . 7 0 3 E -0 4  
2 . 6 7 2 E -0 4  
2 . 6 4 5 E -0 4  
2 . 6 2 1 E -0 4  
2 .6 01 E -C 4  
2•583E-04 
2 .5 6 7 E -0 4  
2 . 5 4 6 E -0 4  
2 .4 8 1 E -0 4  
2 . 2 4 7 E -0 4  
1•705E-04  
9 . 6 6 6 E -0 5  
3 . 838E-05  
1•166E-05  
4 . 339E-06  
2 .8 9 0 E -0 6
Table E
1•350E-03  
4 . 4 4 8 E -0 4
3. 138E-04  
2 . 9 0 4 E -0 4  
2 . 827E-04  
2 .7 7 6 E -0 4  
2 . 7 3 5 E -0 4  
2 «7 0 OE- 0 4  
2 .6 6 9 E -0 4  
2 . 6 4 2 E -0 4  
2 . 6 1 9 E -0 4  
2 . 5 9 9 E -0 4  
2 .5 8 2 E -0 4  
2 . 566E-04  
2 .5 4 3 E -0 4  
2 . 4 6 8 E -0 4  
2 .2 0 7 E -0 4  
1■635E-04  
8 . 9 58 E -0 5  
3 .4 3 5 E -0 5  
1 .0 3 4 E -0 5  
4 .0 6 9 E -0 6  
2 . 8 2 8 E -0 6
1 . 162E-03  
4 . 182E-04  
3 .0 96 E -0 4  
2 . 8 9 4 E -0 4  
2 .8 2 1 E -0 4  
2 .7 7 2 E -0 4  
2 .7 3 1 E -0 4  
2.69ÓE-04  
2 .6 6 6 E -0 4  
2 .6 4 0 E -0 4  
2 . 6 1 7 F - 0 4  
2 . 597E-04  
2 . 580E-04  
2 . 5 6 4 F - 0 4  
2 . 539E-04  
2 . 453E-04  
2 . 165E-04  
1•563E-04  
8 . 272E-05  
3 .0 6 6 E -0 5  
9 . 202E-06  
3.8 41 E -C 6  
2 . 7 72 E -0 6
1. 008 E-0 3  
3. 9 63 E -0 4  
3 . 060E-04  
2 . 884E-04  
2 .8 1 5 E -0 4  
2 . 767E-04  
2 . 7 2 8 E -0 4  
2.693  E-04  
2 . 663E-04  
2 . 6 3 7 E -0 4  
2 . 615E-04  
2.595 E -0 ^  
2 . 5 7 8 E -0 4  
2 . 562E-94  
2 .5 35 E -0 4  
2•436 E—94 
2 . 119E-04  
1 .4 8 9 É -0 4  
7 . 610E-05  
2.729  E-Q5  
8 . 2 1 5 E -0 6  
3 . 648E-06  
2 . 7 2 0 E -0 6
8 . 813E-04  
3 . 782E-04  
3 .0 29 E -0 4  
2 .8 7 5 E -0 4  
2 . 810E-04  
2 . 763E-04  
2 . 724E-04  
2 . 690E-04  
2 . 660E-04  
2 . 6 3 5 E -0 4  
2 . 613E-04  
2 . 5S3E-04  
2 . 577E-04  
2 . 560E-04  
2 . 530E-04  
2 . 4 1 7 E -0 4  
2 . 069E-04  
1 . 4 14E -04  
6 . 975E-05  
2 . 4 2 4 E -0 5  
7 . 365E-06  
3 . 4 8 5 E -0 6  
2 .6 7 3 E -0 6
7 .7 73 E -0 4  
3 . 6 3 2 E -0 4  
3 .0 03 E -0 4  
2 .8 6 7 E -0 4  
2 .8 0 5 E -0 4  
2 . 7 5 9 E -0 4  
2 . 7 2 0 E -0 4  
2 .6 8 7 E -0 4  
2 . 6 5 8 E -0 4  
2 .6 3 3 E -0 4  
2 .6 1 1 E -9 4  
2 . 5 9 2 F -0 4  
2. 5 75 E -0 4  
2 . 559E-04  
2 .5 25 E -0 4  
2 . 3 9 6 E-0 4  
2 . O16E-04  
1 . 339E-04  
6 . 3 70E -05  
2 . 149E-05  
6.637 E -06  
3 . 346E-06  
2 . 628E-06
1 ctd
BLOCK 12 NEUTRON ENERGY 3 .620 EFFICIENCY 0.044
3 . 314E- C3 
5 . 599F- 04 
2 . 6 1  7F-C4 
2 . 233E- 04 
2 . 133E- C4 
2 . 0 7 J F - 0 4  
2 . 0 1 7F- 04 
1 . 972E- 04 
1 . 933F- 04 
I .  398F- 04 
1 . 868F- 04  
1. 842E- 04 
1. 82 3E- 04 
1 . 8C0F- 04 
1 . 783F- 04  
1 . 768F- 04 
1 . 795F- 04 
1. 7 43F- 04 
1 . 733E- G4 
1 . 724F- 04 
1 . 709E- C4 
1. 674E- 04 
1 . 377E- C4 
1 . 366F- 04 
1 . C28E- 04  
6 . 4 0 4 E - 0 5  
3 . 196F- 03 
1 . 289E- 05 
4 . 700E- 06 
2 . 078F - C6  
1 . 369E- 06 
1 . 124E- 06
2 . 6 9 5 E - C 3  
4 . 938E- 94 
2 . 540E- 04 
2 . 2 1 9 E - 0 4  
2 . 126F- C4 
2 . 0 6 4 F - 0 4  
2 . 0 1 3 F - 0 4  
1. 9 6 8 E - 0 4  
1 . 929E- C4 
1 . 8 95 F - 0 4  
1 . 866E- 04 
1 . 8 40 E - 0 4  
1 . 8 1 8 F - a4 
1 . 798F- 0 4  
1 . 7 8 1 E - 9 4  
I . 7t>6F -  04 
I . 753E- 04 
1 . 7 4 2 E - 0 4  
1 . 7 3 2 F - 0 4  
1 . 723E- 04 
1. 7 C7 E - 0 4  
I . 6 6 8 F - 0 4  
1 . 5 6 2 E - 0 4  
1 . 337E- 04  
9 . 9 0 0 E - 0 5  
6 . 0 3 6 E - 0 5  
2 . 944E- 05 
1 . 167E- 05 
4 . 268E- 06 
1 . 9 5 9 E - 0 6  
1 •334E-06  
1 . 106E-06
2 . 2 01E -03  
4 . 408E-04  
2.4 76 F -0 4  
2 . 2G6E-04  
2 . 1 19E-04  
2 .0 5 9 E -0 4  
2 . 008E-04  
1.964E-04  
1.925E -04  
1.892E-04  
1 . 863E-04  
1 . 838E-04  
1 . 8 16E-04  
1 . 796E-04  
1•780E-04  
1 . 765E-04  
1. 752 E-0 4  
1•741E—04 
1.731E -04  
1. 721 E-0 4  
1 . 705E-04  
1.661E -04  
1. 545 E-0 4  
1 . 3G7E-04  
S. 5 1 1 E - 0 5  
5 .6 7 5 E -0 5
2.7  07E-05  
1 .0 55 E -0 5  
3 . 8 8 5 E -0 6  
1 . 855E-06  
1 .3 03 E -0 6  
1 . 089E-06
1.8C5E-03  
3 . 984E-04  
2 .4 2 5 E -0 4  
2 . 194E-04
2.1 12E-04  
2 .0 53 E -C 4  
2 .0 03 E -0 4  
1. 960E -04  
1. 922 E-0 4  
1•889E-04
1.8 60E-04  
1•835E-04  
1 . 814E-04  
1•795E-04  
1 .7 78 E -0 4
1.7 64E-04  
1 . 751E-04  
1 . 74CE-04  
1•730E-04
1.7 20E-04  
1.7 02E -04  
1 . 6 54E -04  
1.5 27E -04
1.2 76E-04  
9 . 120E-05  
5 . 325E-05  
2 . 484E-05  
9 . 534E-06  
3 .5 4 6 E -0 6  
1 . 764E-06  
1 . 2 74E -06  
1. 073 E-0 6
1•490E-03  
3 .6 4 3 E -0 4  
2 .3 82 E -0 4  
2 . 183E-04  
2 . 106E-04  
2 .0 4 8 E -0 4  
1 . 998E-04  
1. 956E -04  
1 . 9 18E -04  
1. 8 86 E -0 4  
1 . 8 58E -04  
1. 833E -04  
1.8 11E -04  
1.793E -04  
1.777E-04  
1.762E -04  
1.7 50E -04  
1 ■ 739E-04  
1 •729E-04  
1 . 719E-04  
1 . 699E-04  
1.646E -04  
1.5 C8E -0 4  
1 . 244E-04  
8.7 26E -C5  
4 .9 8 4 E -0 5  
2 . 274E-C5  
8 . 610E-06  
3 • 247E-06  
1•684E-06  
1 . 248 E-C 6  
1 . 0 58E -06
Table E
1 . 2 37E -03  
3 .3 6 9 E -0 4  
2 . 3 4 6 E -0 4  
2 . 174E-04  
2 .0 9 9 E -0 4  
2 .0 4 2 E -0 4  
1.9 94 E -04  
1. 952 E-0 4  
1 .9 15 E -0 4  
1 . 8 83 E -0 4  
1 .8 55 E -0 4  
1 . 831E-04  
1. 810 E-0 4  
1. 791 E-0 4  
1 . 7 75E -04  
1•761E-04  
1 . 7 49E -04  
1 . 7 38E -04  
1 . 7 29E -04  
1.7 18E -04  
1 . 6 96E -04  
1.636E- 0 4  
1 . 4 88E -04  
1.2 10 E -04  
8 . 3 3 2 E -0 5  
4 . 655E-05  
2 . 078E-05  
7 . 773 E-06  
2 . 983E-06  
1. 614 E- 0 6  
1 .2 24 E -0 6  
1 .0 42 E -0 6
1. 036 E-0 3  
3 .1 4 8 E -0 4  
2 .3 1 6 E -0 4  
2 . 164E-04  
2 .0 9 3 E -0 4  




1 .8 80E -04  
1 . 8 52 E -0 4  
1 .8 28E -04  
1•808E-04  
1 .7 89E -04  
1•774E-04  
1•760E-04  
1 . 748E-04  
1•737E-04  
1 .7 28E -04  
1•716E-04  
1•693E-04  
1 .6 27E -04  
1 .4 66E -04  
1 .1 76E -04  
7 .9 39 E -0 5  
4 .3 3 7 E -0 5  
1.8 95E -05  
7 . 0 1 8 E -0 6  
2 .7 5 1 E -0 6  
1 . 5 5 2 E—06 
1. 202 E-0 6  
1•028E-06
8 .7 4 5 E -0 4  
2 . 9 7 1 E -0 4  
2 . 2 9 0 E -0 4  
2 . 156E-04  
2 .0 8 7 E -0 4  
2 .0 3 2 E -0 4  
1 . 9 85E -04  
1 . 9 44E -04  
1 . 9 08E -04  




1 .7 88 E -0 4  
1■772E-04  
1•758E-04  
1. 747 E-0 4  
1 . 736E-04  
1 .7 27 E -0 4  
1 .7 15 E -0 4  
1•689E-04  
1 .6 1 6 Ë -0 4  
1 .4 4 3 E- 0 4
1. 140E-04  
7 .5 49 E -0 5  
4 .0 3 2 E -0 5  
1 .7 25 E -0 5  
6 .3 39 E -0 6  
2 . 548E-06  
1. 4 98 E -0 6  
1 .1 80 E -0 6  
1 . 0 1 3 E -0 6
7 . 4 5 6 E -0 4  
2 . 827E-04  
2 . 268E-04  
2 . 148E-04  
2 . 081E-04  
2 . 0 2 7 E -0 4  
1 . 9 8 1 E -0 4  
1 .9 4 0 E -0 4  
1 .9 0 5 E -0 4
1. 8 74E-04  
1 . 8 47E -04  
1 . 824E-04  
1 .8 04 E -0 4  
1 . 786E-04  
1 . 7 7 1 E -0 4  
1■757E-04  
1 .7 45 E -0 4  
1 . 735E-04  
1 . 726E-04  
1 . 713E-04  
1 .6 84 E -0 4  
1 .6 04 E -0 4  
1•419E-04  
1 . 104E-04  
7 . 162E-05  
3 . 7 4 0 E -0 5  
1 .5 6 8 E -0 5  
5 . 730E-06  
2 . 370E-06  
1 .4 5 0 E -0 6  
1 .1 6 1 E -0 6  
9 . 987E-07
6 . 4 2 4 E -0 4  
2 . 7 1 1 E -0 4  
2 . 250E-04  
2 .1 4 0 E -0 4  
2 .0 75 E -0 4  
2 . 022E-04  
1 . 976E-04  
1. 9 36 E -0 4  
1 .9 02 E -0 4  
1 . 8 71E -04  
1 .8 4 5 E -0 4  
1 . 8 22E -04  
1 . 802E-04  
1 . 7 84E -04  
1 .7 69 E -0 4  
1. 7 56 E -0 4  
1.7 44E -04  
1.7 34E -04  
1.7 25E -04  
1 . 7 11E -04  
1 . 679E-04  
1 .5 9 1 E-04  
1.393E -04  
1 . 066E-04  
6 .7 80 E -0 5  
3. 461 E-0 5  
1 . 423E-05
5. 185E-06  
2 .2 14 E -0 6  
1.407E -06  
1 . 142E-06  
9 . 847E-07
1 ctd
B L O C K  1 3 NEUTRON ENERGY 4.760 EFFICIENCY 0.042
3. 766E- 03 
4 . 850F- 04
2. 183E- 04 
1 . 882E- 04 
1 . 778E- 04 
1 . 658F- 04 
1 . 6 2 9 F -0 4 
1. 5 6 9 r -0 4 
1. bl cF - C 4  
1 . 469E- C4 
1 . 428F- 04
1. 392 F - 04 
1 . 3 6 0 F - Ü 4
1. 332E - 0 4  
1 . 3C8F- 04 
1 . 2 86 E - C4  
1 . 267F- 04 
1 . 251E- C4 
1 . 236F- 04 
1 . 223E- C4 
1 . 212F- 04 
1 . 202F- 04
1. 192F- 04
1. 1 8 öt - C4  
1 . 1 79F- C4
1. 1 72F- C4 
1 . 165F- 04  
1 . 1 51E- C4 
1 . 1 2 1F - 0 4  
1 . 0 5 7 E - 0 4  
9 . 4 1 7E- 05 
7 . 695E- 05 
5 . 613F- 05 
3 . 578P- C5 
1 . 971E- 05 
9 . 445E- C6
4. 128E- C6 
1 . 86fcF- 0 6  
1 . 0 4 5 E - C 6  
7. 567F- 07 
6 . 300E- 07
5. 47 6E- C7
4.  805E- C7 
4 . 27  2E- C7
3. 7 1 1E- C7
2 . 967E- 03  
4 . 2 1 5 E - 0 4  
2 . 1 23E- 04  
1 . 8 6 9 E - J 4  
1 . 7 6 9 F - 0 4  
1 . 6 9 1 F - 0 4  
1. 62 3F -  34 
1 . 563F-  '4 
1.51 I F - J4 
1 . 465E- 04  
1 . 4 2 4 E - 0 4  
1 . 389E- 04  
1 . 3 5 7 E - 0 4  
1 . 3 3 0 E - 0 4  
1 . 3 0 6 E - 0 4  
1 . 2 8 4 E - j 4 
x . 2 6 6 E - 0 4  
1 . 2 4 9 E - 0 4  
1 . 2 35 E - Ü4  
1 . 2 2 2 F - 0 4  
1 . 2 1 1 F -  '4 
1 . 2U1E- 04 
1 . 1 93E- 04
1. 18 5 F -  '4 
1 . 1 7 8 E - 0 4
1. 1 7 2 E - J 4  
1 . 164F- 04 
1 . 1 4 9 E - 0 4  
1 . 1 1 7 E - 0 4  
1 . 0 4 8 E - 0 4  
9 . 2 7 0 E - 0 5  
7 . < * 9 8 E - ' ' 5  
5 . 4 0 0 E - ü 5 
3 . 393E- 05 
1 . 8 4 2 E - 0 5  
8 . 7 1 9 F - 0 6  
3 . 7 9 6 E - 0 6  
1 . 7 39 E - 0 O 
1 . 0 0 1 E - 0 6  
7 . 4 0 0 E - 0 7  
6 . 2 0 6 E - 0 7  
3 . 4 0 4 E - 0 7  
4 . 743E- 07 
4 . 1 6 8 E - 3 7
2 . 3 4 7 E - 0 3  
3 . 720E- 04 
2 . 075E- 04 
1 . 8 5 7 E - 0 4  
1 . 761E- 04  
1 . 6 84 F - 0 4  
1 . 617E- 04 
1 . 558E- 04
1. ‘306E-04 
1 . 460E- 04 
1 . 4 2 0 E - 0 4  
1 . 3 85 E - 0 4  
1 . 3 5 4 E - 0 4  
1•327E- 04 
1 . 303E- 04 
1 . 282E- 04 
1 . 2 64 E - 0 4  
1 . 2 4 8 E - 0 4  
1 . 2 33 E - 0 4
1.22 1E-04 
1 . 21ÜE- 04  
1 . 2 0 0 F - 0 4  
1 . 192E- 04 
1 . 184E- 04 
1 . 1 7 8 E - 0 4
1. 171E- 04 
1 . 163E- 04 
1 . 147E- 04 
1 . 112E- 04 
1 . 039E- 04  
9 . 1 16E- 05 
7 . 296E- 05  
5 . 1 88E- 05 
3 . 2 1 3 E - C 5  
1 . 7 19E- 05 
8 . 0 4 2 E - 0 6  
3 . 492E- 06  
1 . 6 2 5 E - 0 6  
9 . 6 2 0 E - C 7  
7 . 2 4 4 E - 0  7 
6 . 1 1 5 E - G 7  
5 . 3 3 3 E - C 7  
4 . 682E- C7 
4 . 1 1 5E- 07
1 . 867E- 03 
3 . 334E- 04 
2 . 035E- 04  
1 . 8 4 5 E - 0 4  
1•752E- 04 
1 . 6 77E- 04 
1 . 6 1 0E- 04 
1. 552E- Q4 
1 . 5C1E- 04 
1 . 4 5 6 E - 0 4  
1 . 4 17E- 04 
1 . 382E- 04 
1 . 3 5 2 E - 0 4  
1 . 325E- 04 
1 . 301E- C4 
1 . 2 8 0 E - 0 4  
1 . 2 6 2 E - 0 4  
1 . 2 4 6 E - 0 4  
1 . 2 32 E - 0 4  
1 . 220E- 04 
1 . 2C9E- 04 
1 . 1 99 E - 0 4  
1 . 191E- 04  
1 . 184E- 04 
1 . 177E- 04 
1 . 17CE- 04 
1 . 1 6 1 E - 0 4  
1 . 144F - 0^  
1 . 1 0 6 E - 0 4  
1 . 0 2 9 E - 0 4  
8 . 956E- 05 
7 . C92E- 05 
4 . 977E- 05 
3 . 038E- 05 
1 . 6 0 2 E - 0 5  
7 . 4 1 1 E - 0 6  
3 . 2 1 5E- 06 
1•523E- 06 
9 . 267E- 07  
7 . 100E- 07
6 . C 2 8 E - 0 7  
5 . 263E- 07 
4•622E- 07  
4 . 0 6 2 E - 0 7
1 . 4 94 E - 0 3  
3 . 0 3 2 E - 0 4  
2 . 0 0 2 E - 0 4  
1 . 8 3 4 E - 0 4  
1•744E- 04 
1 . 670E- 04 
1 . 604E- C4 
1 . 547E- 04 
1 . 496E—04 
1 . 4 5 2 E - 0 4  
1 . 4 13 E - 0 4  
1 . 379 E - 0 4  
1 . 349E- 04 
1 . 3 22 E - 0 4  
1 . 299 E - 0 4  
1 . 2 7 8 E - 0 4  
1 . 2 6 1 E - 0 4  
1 . 245E- 04 
1 . 2 3 1 E - 0 4  
1 . 219 E - 0 4  
1 . 2 0 8 E - 0 4  
1 . 198E- 04 
1 . 1 9 0 E - 0 4  
1 . 183 E - 0 4  
1 . 1 76 E - 0 4  
1 . 1 70E- 04 
1 . 160 E - 0 4  
1 . 142E- 04 
1 . 1 0 I E - 0 4  
1 . 018E- 04 
8 . 7 9 1 E - 0 5  
6 . 885E- 05 
4 . 7 6 9 E - 0 5  
2 . 8 6 9 E - 0 5  
1 . 4 9 1 E - 0 5  
6 . 8 2 5 E - 0 6  
2 . 9 6 2 E - 0 6  
1 . 4 3 1 E - 0 6  
8 . 9 4 9 E - C 7  
6 . 9 6 5 E - 0 7  
5 . 9 4 3 E - 0 7  
5 . 195E- 07 
4 . 562E- 07 
4 . 0 1 0 E - G 7
Table E-1
1 .2 05 E -0 3  
2 . 7 9 6 E -0 4  
1 .9 75 E -0 4  
1 . 8 24E -04  
1 . 736E-0 4  
1 .6 63 E -0 4  
1 .598F - 0 4  
1 . 541E-04 
1 . 492F- 0 4  
1•448E-04 
1 .4 09 E -0 4  
1 .3 76 E -0 4  
1 .3 46 E -0 4  
1 .3 20 E -0 4  
1 .2 97E -04  
1 .2 77 E -0 4  
1 .2 59E -04  
1 . 2 43 E -0 4  
1 . 230E -04  
1 . 2 17E -04  
1 . 2 07 E -0 4  
1 . 1 98 E -0 4  
1 . 189E-04
1. 182F- 0 4  




1 . 095E-04 
1 . 0 07 E -0 4  
8 .6 2 1 E -0 5  
6 .6 7 6 E -0 5  
4 .5 6 2 E -0 5  
2 .7 0 5 E -0 5  
1 . 386E-05 
6 . 2 8 1E - 0 6  
2 . 732E-06 
1 . 3 4 8 E -0 6  
8 . 6 6 1 E -0 7  
6 .8 3 9 E -0 7  
5 . 8 6 0 E -0 7  
5 . 1 2 7 E -0 7  
4 . 5 0 4 E -0 7  
3 . 9 5 8 E -0 7
9 . 809E-04 
2 . 610E-04 
1 .9 51E -04  
1•814E-04 
1 .7 2 8 E -0 4  
1•656E-04 
1 . 592E-04 
1 . 536E-04 
1 .4 87E -34  
1 .4 44E -04  
1■406E-04 
1 . 372E-04 
1 .3 43E -04  
1 . 317E-04 
1 . 2 95 E -0 4  
1 . 275 E-0 4  
1.2 5 7 E - 0 4  
1 . 242E-04 
1•228E-04 
1 . 216E-04 
1 . 206E-04 
1 . 197E-04 
1 . 189E-04 
1 . 181E-04 
1 . 175E-04 
1 . 1 68 E -0 4  
1 . 158E-04 
1 . 136E-04 
1 .0 88E -04  
9 . 950E-G5 
8 . 445E-05 
6 . 4 6 5 E -0 5  
4 .3 5 8 E -0 5  
2 . 5 4 6 E -0 5  
1 . 287E-05 
5 . 778E-06 
2 . 523E-06 
1 .2 74 E -0 6  
8 . 400E-07 
6 . 720E-07 
5 . 780E-07 
5 .0 6 1 E -0 7  
4 . 4 4 6 E -0 7  
3•908E-07
8 . 0 6 8 E - 0 4  
2 . 4 6 4 E - 0 4  
1 . 9 3 1 E- 04  
1 . 8 0 5 E - 0 4  
1 . 7 2 1 E- 04 
1 . 649E- 04 
1.58bE-0<* 
1 . 5 3 1 E - 3 4  
1 . 4 82 E - 0 4  
1 . 440E- 04 
1•402 E - 04  
1 . 369E- 04 
1 . 340E- 04 
1 . 3 1 5 E - 3 4  
1. 293 E- 04 
1 . 2 7 3 E - 0 4  
1 . 2 56 E - 0 4  
1 . 2 4 0 E- 04
1. 22 7E- 04 
1. 215 E- 04 
1. 205 E- 04 
1 . 196E- 04 
1 . 188E- Ü4 
1 . 181E- 04 
i . 174E- 04 
1 . 167E- 04 
1 . 156E- 04 
1 . 133E- 04 
1 . 0 8 1 E- 04 
9 . 8 2 6 E - 0 5  
8 . 264E- Q5 
6 . 2 5 3 E - 0 5  
4 . 1 5 8 E - 0 5  
2 . 3 9 3 E - 0 5  
1 . 193E- 05 
5 . 313E- 06 
2 . 3 3 3 E - 0 6  
1 . 2 0 7 E - 0 6  
8 . 163E- Q7 
6 . 607E- 07 
5 . 701E- 07 
4 . 9 9 5 E - 0 7  
4 . 389E- 07 
3 . 8 5 8 E - 0 7
6 . 716E-04 
2 . 3 4 8 E -0 4  
1 .9 13 E -0 4  
1 . 795E-04 
1 . 7 13E-04 
1.642 E-04 
i . 580E-04 
1 . 526F -04 
1 . 4 78 5 -0 4  
1 . 436E-04 
1 . 399E-04  
1 . 366E-04 
1 . 338E-04 
1 . 313E-04 
i . 290E-04 
1 . 2 7 1 E-04 
1 . 254E-04 
1 .2 39 E -0 4  
1 .226 E-04
1.2 14E -04  
1 . 204E-04  
1.195 E -04  
1 . 137E-G4 
1 . 180E-04 
1 . 174E-04 
1 . 166E-04 
1 . 155E-04 
1 . 129E-04
1.0 74E-04
9 . 6  96 E -  0 5
8.0 79E-05 
6 . 0 4 0 E -0 5  
3 .9 6 0 5 -0 5  
2 .2 4 6 E -0 5  
1 . 105E-05 
4 .8 8 4 5 -0 6  
2 . 161E-06 
1 . 147F -06 
7 .9 47 E -0 7  
6 . 500E-07 
5 . 625E-07 
4 . 9 3 1 E -0 7  
4 . 333E-07 
3 . 808E-07
5 . 6 66E -04  
2 .2 5 6 E -0 4  
1 . 8 97 E -0 4  
1 . 786E-04 
1 .7 06 E -0 4  
1 . 6 36E -04  
1 . 575E -04  
1 .521E -04  
l . 4 7 3 E - 0 4  
1 . 4 32 E -0 4  
1 .3 95 E -0 4  
1 . 3 6 3 F -04 
1 . 3 35E -04  
1 . 3 10E -04  
1 .2 88 E -0 4  
1 . 2 69E -04  
1 .252E -04  
1 . 238E-04 
1 . 2 25 E -0 4  
1 . 213 E-0 4  
1 .2 03 E -0 4  
1 . 194E-04 
1 . 186E-04 
1 . 179E-04 
l . 1 73E-04 
1 . 166E-04 
1 .153E -04  
1 . 125E-04
1.U66E-04  
9 . 560E-05 
7 .889E-05  
5 . 827E -05  
3 . 7 6 7 E-05 
2 . 106E-05 
1 .022E-05  
4 .4 9 0 E -0 6  
2 . 0 06E -06  
1 .393E -06  
7 .749E-07  
6 . 3 98E -07  
5 . 550E-07 
4 . 8 67E -07  
4 . 2 77 E -0 7  























4 ■o* LT O' o- c C‘
•
X o X X c*
•
c a X X c 1 •
O c rr c p -si —s - -4 C- u CD 43 u>
rsj CX U OJ K-* Cü o 'SÍ w' ►—* (V Ooj OJ X O» 4-* 4 4> 4 vj. un o Cr —4 Cl X H- ro ,
l T - OJ CD - J X ofi CD \J « j X O ^J sn X o oJ OI 43 o 0- *—• X *\J 43 o Ul 4 u: u j j \J 4 X O' \J ,4O O' U O/ -4 o c 43 -sj o -si o 43 — * 4- CU VÍJ LTi -si X ro -ŝ h-• U 1 ►—*
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** EXPERIMENTAL DATA F ILE  -  DECEMBER 1977
17 PROFILES 3.500  MAXIMUM ENERGY 0 .1000  THRESHOLD -  MEV
BLOCK 1 T IMF NS 1.000
8 . 858F-01 1.468E+C 0 1.611E+C0 1 . 609E + 01 5.086E+00 1.047E+02 6 . 821E+01 8 . 200E+02 1. 477E+04 4. 290E+04
5 . 8 5 9 E+ C4 6 . 361E+04 6 . 994E+04 7.645E+04 7.662E+04 7.330E+04 7.084E+04 6 . 720E+04 6 . 373E+04 5.989E+04
5 . 802F+04 5 . 7 1 I E +34 5.485E+04 5 • 25CE + 04 5.016E+04 4.830E+04 4 . 627E+04 4 . 400E+04 4 . 210E+04 4.026E+04
3 . 8R2F+04 3 . 766E +04 3.7C8E+04 3.64 1E + C4 3.582E+04 3.578E+04 3.498E+04 3 . 445E+04 3. 379E+04 3.329E+04
3.276E+04 3.22 i t  +04 3 . 169F+04 3 . 084E + 04 3.052E+C4 3.042E+04 2.945E+04 2 . 855E+04 2 . 866E+04 2.903E+04
2 . 888F+04 2.828E+04 2.809E+04 2 . 763F+04 2 . 729E+C4 2.715E+04 2.645E+04 2.601E+04 2 . 595E+04 2.567E+04
2. 5 2 1 E + 9 4 2.452E+34 2.445F+04 2.43CE+04 2 . 389E+C4 2.368E+04 2•346E+04 2 . 316E+04 2 . 272E+04 2 . 2 7 I E +04
2 . 257f +04 2.222  F +°4 2 . 198E+04 2 . 159E+04 2 . 141E+04 2.  143E+04 2 . 095E+04 2 . 100E+04 2. 119E+04 2.163E+04
2. 191F+C4 2. 156E + 34 2 . 168E+04 2 . 145E + 04 2 . 114E+04 2 . 110E+04 2.082E+04 2 . 080E+04 2 . 040E+04 2 . 019E+04
2.03 IF + 04 1 . 9 9 0 E + 34 1 . 987E + 04 1 . 952E + 04 1.936E + 04 1.932E+04 1•898E+04 1.893E+04 1 . 854E+04 1.816E+04
1.806^+04 1 . 7 99E+ >4 1 . 796E+04 1 . 785E + 04 1 . 742E+04 1.728E+04 1■760E+04 1.72 3E + 04 1 . 734E+04 1.713E+04
1 . b71P +04 1.633E + 04 1.634E+04 1 . 598E + 04 1 . 587E + 04 1 . 579E+04 1 . 577E + 04 1 . 548E+04 l .5 27 E+0 4 1. 522E+04
1. 5 0 4 F + 0 4 l . 504E+U4 1 . 504E+04 1.490E+04 1•440E + 04 1.427E+04 1.419E+04 1.400E+04 1 . 411E+04 1.406E+04
1.4042+04 1.381É+04 1 . 361E+04 1.37 I E + 04 1 . 347E+04 1.335E+04 1.320E+04 1 . 322E+04 1 . 322E+04 1.301E+04
1 . 29 5E+C4 1 . 28oE +34 1 . 283E+04 1.249E+04 1.250E+C4 1.248E+04 1 . 236E+04 1 •239E + 04 1 . 230E+04 1.221E+04
1 . 212F+04 1 . 189E+ ) 4 1 . 190E+04 1 . 193E + 04 1.184E+04 1 . 163E+04 1 . 171E+04 1 • 186E+04 1 . 154E+04 1 . I 4 8 6  +04
1. 15 6 F + 04 1. 153F+J4 1 . 136E+04 1 . 113E+04 1 . 121E+04 1.130E+04 1 . 095E+04 1 . 080E+04 1 . 078E+04 1.050E+04
1. 032F+04 l . O l l E + 9 4 1.017E+04 1 . GC7E+04 9.961E+03 9.983E+03 9 . 855E+03 9.816E+03 9. 866E+03 9.586E+03
9. 644E + n3 V . 6 8 1 F + ’ 3 9 . 522E+03 9.530  F-+ 0 3 9.409E+03 9 . 314E +03 9 . 461E+03 9 . 3 8 1E+03 9. 333E + 03 9.302E+03
9. 3 1 u: + ~> 3 ') • '  8 6 :_ + 1 3 9 . 127E+03 9". 223F + Q3 9 . C 9 8 F + "* 3 9.020F+03 9 . 042E+03 9 . 020E+03 8 . 863E + 03 8.754E+03
u * 37 i  :+03 . . .8C6F+J3 8 . 9C2F+03 6 . 8 9 3 E+03 6 • ö 1 o fc + 0 3 8 .77 IE+n 3 8 . 594E+33 8^537E+03 8 . 563E+03 8 . 637F +03
6 . 6  2 3 r + 0 3 ; . 5  29F + )3 £ . 324E+03 6.252E+03 8.27QF+03 8 . 2 5 3E + 0 3 8 .2 78E + 03 8 . 195E+D3 Ó.081E + 03 3 . 015E+03
8 . OOGF+03 6 . 058E+03 8.CC1E+03 7.991E+03 7.874E+C3 7 . 772E + 0 3 7 .766E+03 7 . 670E+03 7. 634E+0 3 7.376E+03
7 . 3e>0F +03 7.258E+03 7 . 294E+03 7.204E+03 7 . 121E + 03 7.203E+03 7 . 0 4 5 E+03 7•018E+03 6 . 949E+03 7.040E+03
o . 96j f + 0 3 6.855E + I-3 6.719E+03 6 . 758E+03 6.864E+03 6 . 6 8 IE +0 3 6 . 679E+03 6 . 634E+0 3 6 . 645E+03 6.595E+03
6 . 597F+03 U.678F+03 6.551E+03 6.582E+33 6.555E+03 6.304E +03 6.295E+03 6 . 181E+03 6 . 215E+03 6.312E+03
o. 184F+03 0 . 122E+0 3 6 . 226E+03 6.C54E+03 6.C49E+03 5.957E+03 5 . 897E+03 5 . 969E+03 5 . 868E+03 5.830E+03
5 . 843F+C3 5.725E+03 5.7 39E + 0 3 5. 755E + 03 5 . 686E+C3 5.604E+03 5 . 573E+03 5 . 433E+03 5 . 494E+03 5.636E+03
5.419E+03 5.410E+O3 5 . 372E+03 5.3  3 I E +0 3 5.373E+03 5.363E+03 5 . 162E+03 5 . 056E+03 5 . 148E+03 5.101E+03
4 . 857F+03 4 . 8 10E +03 4.8 C4E + 03 4 . 709E+03 4 . 744E + 03 4.641E+03 4 . 704E+03 4 . 733E+03 4. 631E + 03 4.674E+03
4 . 548E+03 4•469E+03 4 . 412E+03 4 . 364E+03 4.317E+03 4.394E+03 4.266E+03 4 . 144E+03 4 . 2UUE+03 4.090E+03
4. 036F +03 4.C78E+03 3 . 967E+03 3 . 905E+03 3 . 875E + 03 3.867E+03 3.815E+03 3 . 739E+03 3 . 781E+03 3.664E+03
3 . 582E+03 3 .6 6 6 E + 93 3 . 626E+-03 3.45CE+03 3.380E+03 3.371E+03 3•380E+03 3.437E+03 3 . 341E+03 3 . 282E+03
3. 3451: +03 3.264E+03 3. 165E + 03 3 . 1 75E+03 3 . 172E + Q3 3.116E+03 3 . 019E+03 3.001E+03 2.9966+03 3.002E+03
2 . 967E+03 2.890E+03 2 . 699E+03 2.681E+03 2.663E+03 2.651E+03 2.652E + 03 2 . 656E+03 2.642E+03 2.598E+03
2 . 498E+03 2.415E+03 2.371E+03 2 . 383E+03 2.283E+03 2.214E+03 2.  141E + 03 2. 133E-+03 2 . 086E+03 2.076E+03
2. 063F+03 2.025F+03 1.975E+03 1 . 988E+03 2.011E+03 1.864E+03 1•800E+03 1.865E+03 1 . 786E+03 1.740E+03
1 . 728E+03 1 . 784E + 0 3 1 . 7C6E+03 1.603E+03 1 . 597E+03 1.562E+03 1 . 516E+03 1 . 531E+03 1 . 522E+03 1.443E+03
1. 374E + 03 1 . 390E+03 1.418E+03 1 . 4C6E + 03 1 •395E + 03 1.264E+03 1.290E+03 1.253E+03 1 . 209E+03 1 . 125E+03
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FIGURE : E -2  ILLUSTRATIVE PULSE HEIGHT SPECTRA FROM 













































EXPERIMENTAL TIME DEPENDENT PULSE HEIGHT SPECTRA AND 
MONOENERGETIC NEUTRON RESPONSES
The raw data from the experiment are presented in Tables 1, 2 and 
3, with illustrative examples plotted in Figures E-l, E-2 and E-3. The 
data are complete, Table E-2 containing the pulse height spectra 
observed at the indicated times after the peak of the beam pulse 
(Table E-3), while the detector monoenergetic neutron responses are 
as in Table E-l. The source neutron energy spectrum is given by 
Whittlestone (1976).
Some comment on normalisation of the spectra is necessary. In 
the case of the monoenergetic neutron responses, the integral of the 
tabulated data above the threshold (0.1 MeVe) is equal to the detector 
efficiency at the given energy so that the number in each channel is 
just the expected number of counts expected in that channel when the 
neutron flux at that energy is 1 neutron cm“2 . For clarity of 
presentation, the curves in Figure E-l have been normalised to 10 at 
the threshold energy.
No normalisation factor has been applied to the experimental data 
in Table E-2. Since the accelerator beam current and thus the total 
neutron input to the data was not integrated, these data may be adjusted 
to obtain agreement with theory, with the condition that the factor 
applied to one spectrum must apply to all. The values in Table E-3 
for the beam pulse profile are counts from the beam monitor and thus 
indicate the statistical accuracy of the measured profile. Only the
shape of this profile is important.
A feature of the pulse height spectrum at 1.9 ns (Figure E-2) is 
the appearance of discontinuities at about 0.35, 0.53 and 1.15 MeVe. 
These are the result of walk correction increments of 0.072 ns. This 
was the only spectrum in which this effect was observed, but it 
emphasised the need to keep the nett timing walk of the system to less
89
than 0.1 ns.
It should be noted that the calibration of the beam pulse time 
profile is 0.1 ns/channel. This data has been derived from the 
original data with its calibration of 0.072 ns/channel, using the 
code AND to match the time resolution of the Monte Carlo calculation.
